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ABSTRACT
A sensor is one of the many important applications of conjugated polymers. Poly(p-phenylene
ethynylene)s (PPEs) have been studied for fluorescence-based sensor applications. The
chemical structure and nano-structure of a polymer in the solid-state are two critical
parameters that determine sensitivity and selectivity of a conjugated polymer-based sensor. In
this thesis, both parameters have been systematically investigated. First, the Langmuir-
Blodgett method was used to control the nano-structure of PPEs in the solid-state. Rational
design of surfactant PPEs made it possible to control the conformation of a single polymer
strand and interpolymer spatial arrangement at the air-water interface. In situ UV-Vis and
fluorescence spectroscopy on the Langmuir film in controlled nano-structures revealed the
effects of conformation and spatial arrangement of conjugated polymers on their intrinsic
optical properties. Since the controlled structure of a monolayer at the air-water interface can
be transferred to a solid substrate, structurally well-defimed multilayer LB films of PPEs with
confined optical properties were fabricated. This made it possible to study the role of
interpolymer aggregation in the photophysical properties of conjugated polymer films. The
results provided a general design principle to make a highly emissive conjugated polymer
film. Second, an ideal thickness of a sensory film for optimizing sensitivity was determined
by experimental and theoretical analysis of energy transport phenomena in multilayer PPE
films. The vectorial energy transfer design of sensory films to harvest and direct energy to the
surface detection layer toward ultimate signal amplification has been discussed. Third, the
role of chemical structure of a sensory polymer in the selectivity of a conjugated polymer-
based fluorescent sensor has been examined. In two different sensory systems for the
detection of potassium ions and a nitroaromatic explosive TNT, respectively, key chemical
design parameters governing their selectivity have been rationalized. Finally, the combination
of the conclusions of this thesis provided an idealized structure of a fluorescent conjugated
polymer-based sensory film with optimized sensitivity and selectivity.
Thesis Supervisor: Timothy M. Swager
Title: Professor of Chemistry
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Chapter 1
Introduction and Background
This chapter will describe the concepts of fluorescence, chemosensors, the molecular
wire approach for sensory signal amplification, and the Langmuir-Blodgett technique.
These concepts are essential to understand my Ph.D. research that has focused on the
study and development of highly sensitive conjugated polymer-based solid-state
chemosensors. How a fluorescent chemosensor works to detect analyte and how the
molecular wire approach achieves signal amplification will be explained. In order to
achieve optimized performance, several important parameters in constructing of
conjugated polymer-based sensory films have been discussed. The use of the Langmuir-
Blodgett method in polymer research is also reviewed.
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1.1 Fluorescent Chemosensors
While a sensor refers to a micro- or macroscopic device that senses chemicals,
biological materials, and energies such as heat or light, a chemosensor is a molecule that
interacts with energy or matter and generates a measurable signal.' Generally, changes of
the physical properties of a chemosensor, such as color, absorption spectrum, emission
spectrum, and conductivity are the measurable sensory signals. A fluorescent
chemosensor utilizes fluorescence emission as the sensory signal. Fluorescent phenomena
must be understood to comprehend how a fluorescent chemosensor works. Figure 1.1
shows commonly observed photophysical processes.2 3
Singlet Orbital Vibrational Degradation
Cnnfigfurntinn
Q i -
I nplert rDIlal
Configuration
T
-
O I T I
Ground State
Orbital Configu-ation
Figure 1.1 Energy diagram showing absorption and emission processes.
When a ground state molecule absorbs energy (a photon), an electron is promoted to a
higher energy state. The most stringent selection rule of this electronic transition is that
there is no net change in the overall spin S of a chemical species during the transition.
The spin moment of a single electron is ±/2, and the overall spin S of a chemical species
is the vector summation of individual electron's spin moments. In a singlet state, paired
electrons' spin moments cancel (S=O), but the vector summation of a triplet state electron
15
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spin moments is 1. Therefore, a singlet-triplet absorption is a forbidden transition
according to the spin selection rule because the S changes from 0 to 1. The singlet-singlet
absorption is the major electron transition. The excited electron generally experiences
rapid relaxation to the lowest first singlet excited state, Si (Kasha's rule). The SI
configuration either undergoes intersystem crossing to the triplet state, or nonradiative
relaxation to the ground state, or a singlet-singlet radiative transition back to the ground
state. In the case of nonradiative transitions other processes dissipate the excess energy.
The triplet state generated by intersystem crossing relaxes to the lowest first triplet
excited state, T. Then it loses its energy either by phosphorescence or by taking
nonradiative routes back to the ground state. Since phosphorescence is forbidden by the
spin selection rule, the micro-second to mili-second lifetimes of the Ti state are generally
much longer than the pico- to nano-second lifetimes exhibited in fluorescence. The T,
state can absorb thermal energy and jump back to the SI, or two triplet electrons interact
each other to pump one electron to the higher electronic state S. These processes are
referred to as energy-pooling. The latter is called 'triplet-triplet annihilation'. The energy-
pooling provides extra excited singlet electrons that generate delayed fluorescence with
larger lifetime and exactly same spectral distribution.
There are many organic fluorescent materials including from monomers to conjugated
macromolecules. Most have 7t-conjugation systems. To have a luminescence property,
the lowest singlet excited state, S, of a conjugated material must be strongly coupled
with the ground state, So. In addition, the nature of the lowest singlet excitation is also
very important in terms of luminescent property of a conjugated polymer. For example,
the Sl of poly(p-phenylene) and poly(p-phenylene vinylene) has opposite symrrumetry to So,
and these polymers are highly luminescent. However, polyacetylene and polydiacetylene
are not the case and not fluorescent.4
There are several ways to excite electrons to produce excited states. First,
illuminating a chemical species can generate excited electron. The luminescence from
this method is called photoluminescence. Secondly, a species can be excited electrically
as in electroluminescence. Finally, an emission following excitation by chemical reaction
is chemiluminescence. This thesis covers only photoluminescence chemosensors.
16
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How does fluorescence work in sensory system and why use fluorescence? Because
fluorescence is one of the most sensitive properties to environmental stimuli, fluorescent
chemosensors can provide inherent high sensitivity of detection.5 In addition to this high
sensitivity, remote sensing provided by fiber optics is another advantage of fluorescence
chemosensors.' Basically, there are three different types of measurable changes in a
fluorescent signal by which an analyte can be recognized.
The first type of signal change is the 'turn-off mode. In this mode, initially a
fluorescent chemosensor has high fluorescence emission, but it loses its fluorescence
intensity upon exposure to an analyte.6 This fluorescence quenching often occurs by
photoinduced electron transfer (PET) described schematically in Figure 1.2.789 Overall,
the excited electron in the lowest unoccupied molecular orbital (LUMO) of a
chemosensor is transferred to the highest occupied molecular orbital (HOMO) of an
analyte through a radiationless electron transfer. Therefore, the initial fluorescence of the
chemosensor is quenched by the analyte.
I Back ET
LUMO -±I
Ji PET
HOMO HOMO !
Chemosensor Analyte
Figure 1.2 Schematic energy diagrams illustrating photo-induced electron transfer.
The second type of signal change is the 'turn-on' mode. In this mode, the
fluorescence intensity of a chemosensor increases upon analyte binding.0' l Generally,
turn-on chemosensors are composed of a fluorophore and a receptor. The design principle
of this mode often utilizes the PET between the fluorophore and the receptor. Initially,
the fluorescence intensity of a chemosensor is weak due to the PET from a receptor to a
fluorophore. Analyte binding changes the inherent properties of the receptor, shutting
down the PET route. Therefore, the fluorophore of the chemosensor emits a greater
17
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fluorescence when the receptor is bound with an analyte. Figure 1.3 describes how a PET
can become thermodynamically disfavored upon cation binding. In this casel the
increased oxidation potential of the receptor is shown by the energy level of the HOMO
of the receptor group.7,8 Another recent examples of a turn-on fluorescence sensor is the
metal-based NO sensor.' 0 This chemosensor is composed of a fluorophore and a metal
ligand (Co). Since Co" has partially filled d shells, PET quenches the fluorescence. Upon
binding NO, the partly filled Co d shells are completely filled; and PET is no longer
feasible.
LUJMO
HOMO
LUMO
HOMO
hv
Fluorophore Free Receptor Fluorophore $ [
HOMO
Bound Receptor
Figure 1.3 Schematic energy diagrams illustrating disfavored photo-induced electron
transfer upon analyte binding.
The last mode to be reviewed is an 'emission-shift'. Generally the absorption and
emission Xma are related to the conjugation length of a conjugated fluorescent material.
Therefore if a binding event increases or reduces the effective conjugation length, the
absorption and emission ma, will be red-shifted or blue-shifted respectively.12 13 In
addition to this direct alteration of conjugation length, Frster energy transfer can be
exploited in the design of emission-shift chemosensors. Energy can transfer through
space via Frster type energy transfer' 4 that occurs through dipole-dipole interactions
between donor and acceptor molecules. 15 The efficiency of the FOrster energy transfer is
inversely proportional to the sixth power of the distance between two molecules and
proportional to the overlap between donor's emission spectrum and acceptor's absorption
spectrum. The detailed discussion of the F6rster energy transfer is covered in section 1.3.
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The emission-shift chemosensors via the Frster energy transfer are designed to be
composed of a donor part and a receptor part. The system is chosen such that the donor's
fluorescence emission cannot be absorbed by the analyte free receptor. Therefore, the
system emits fluorescence at the max of the donor. Analyte binding changes the
receptor's optical properties so that the F6rster energy transfer from the donor to the
acceptor is feasible.'6 Therefore, upon analyte binding the receptor's emission increases
as the donor's fluorescence intensity decreases due to the energy transfer.
Based on the concepts of fluorescence chemosensors, in the next section the
molecular-wire approach to enhance the intrinsic high sensitivity of fluorescence
chemosensors is discussed.
1.2 The Molecular-wire Approach to Signal Amplification
An effective sensor must have high selectivity and sensitivity. High selectivity can be
achieved by a specific receptor design to a particular analyte. In terms of sensitivity as
mentioned earlier, fluorescent chemosensors inherently have a merit of high sensitivity
and is an ideal transduction method when the concentration of analyte is extremely low.
The molecular-wire approach was introduced by the Swager research group as a
means to enhance sensitivity over the corresponding isolated monomeric
receptors. 17 18.19,20,21,22,23 In this approach, receptors are covalently connected to a
conjugated polymer main-chain. Conjugated polymers are ideal materials to improve
sensitivity because an environmental change at a single site can affect the properties of
the collective system. The conceptual basis for amplification mechanism of the
molecular-wire approach is shown in Figure 1.4. While in monomeric fluorescent
chemosensor systems only the receptors bound with analytes contribute to the sensory
signal, in the molecular-wire approach many receptors connected to a conjugated
polymer backbone (molecular-wire) contribute to the sensory signal. This amplification
of a fluorescence chemosensory response is made possible by energy migration through
the conducting polymer backbone.21 2 3 The bound excited electron-hole pairs (excitons)
can travel through a conjugated polymer backbone and sample the monomeric receptor
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Figure 1.4 Schematic presentation of the molecular-wire amplification principle.
groups that are wired in series. If a bound analyte results in electron transfer from the
polymer excited state to the analyte, the fluorescence of a collective system quenches
with only a fractional occupation of the binding sites, thereby providing an amplified
detection. In addition to this turn-off mechanism, another potential scheme involves an
analyte-induced red shift in the emission wavelength, where analyte binding lowers the
local band gap. In this case the excitations that migrate to this site are trapped, giving
fluorescence at a longer wavelength. These two mechanisms are conceptualized in
Figure 1.5.21
Conjugated polymers may also be used in other types c,f chemosensory schemes
because analyte binding can also change the electrical conductivity, absorption spectrum,
and chemical potential. The conductivity of a conjugated conducting polymer can be
changed from an insulator value up to that of a metal depending on chemical structure,
conformation, and doping level.24 These large conductivity changes, which can also be
induced by analyte binding, also represent an amplified signal for the detection of
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(a) Amplified Attenuation:
Excitations migrate along the polymer backbone
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Figure 1.5 Enhancement of fluorescence-chemosensory responses
via energy migration in conjugated polymers.
analytes. Such sensors that use electrical conductivity as a sensory signal are called
chemoresistive sensors.22 Examples include systems wherein the binding of an analyte
twists the polymer backbone'7 or causes electronic/electrostatic perturbations. '89 Both
effects result in a decreased conductivity (Figure 1.6). In case of electronic/electrostatic
perturbations, the barrier to electrical conductivity originates in part from charge-transfer
interactions between the empty orbitals of the guest molecule and the 7r-electrons of the
host polymer. In addition, electrostatic repulsions between the charges of the guests and
cationic carriers in the host polymer backbone also play an important role in producing a
decrease in conductivity.
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Figure 1.6 Two mechanisms of conductivity change in chemoresistive sensors.
Colorimetric sensors make use of the changes in absorption spectrum of material.
Conformational deformation of a conjugated polymer backbone alters its band gap, and
consequently produces changes in its absorption )max.2 5 Environmental stimuli such as
heat (thermochromism), 26 27 28 29' 30 '3 1 32 33 solvents (solvatochromism), 34'3 5 external
pressure (piezochromism),36 '3 7 '3 8 light (photochromism),2 739 or the presence of ions
(ionochromism),' 7'20'40'4 1 can trigger a conformational change in a conjugated polymer.
Researchers have studied colorimetric changes extensively in
polythiophenes,'7' 2 02 6 2 7283 639 '4 1 polysilanes,2 9 '30 '3 '3 7'38 and polydiacetylenes. 3 2 '33 For
example, the polythiophene in Figure 1.6 (a) displays a large colorimetric response. Na+
binding gives a 91 nm shift in its absorption Xmax.17
Potentiometric chemosensors exploit chemical potential changes of a conjugated
polymer that are sensitive to conformation and electrostatics as a measurable signal.
Generally, polythiophenes with attached ionophores have been used for this type of
chemosensors.20'4 2434 4 Ethylene oxide units have been largely used as ionophores for
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alkali-metal cations, however calix[4]arene-based chemosensors20 have also been
reported. To provide selectivity to the polymer, different size of crown-ether moieties that
match specific cations have been used.
1.3 Solid Films versus Solution
In many applications, a solid film is required since films are easier to handle and
store than solutions. In solution, molecular-wires are in isolation from each other,
therefore they cannot electronically communicate to each other. However, once they are
fabricated into a film, intermolecular as well as -dimensional intramolecular energy
migration becomes available. Therefore, additional 2-dimensional or even 3-dimensional
energy transfer processes will occur in films to further enhance the sensitivity.
Intramolecular energy migration is enhanced by maximizing conjugation, and
intermolecular mechanism will be optimized when the transition dipoles are aligned and
closely spaced, since the latter is governed by the Frster type energy transfer
mechanism.2 4'44 5 FOrster showed theoretically the rate of Coulombic energy transfer
between two electric dipoles or oscillators can be expressed by the following equation:
kET (Coulombic) = k 2 kJ(D)/RDA 6
where, kET is the rate of energy transfer, k is a constant determined by experimental
conditions, kD0 is the pure radiative rate of donor, J(ED) is a spectral overlap integral of
the absorption band.2"14 The terms K2 and RDA6 are particularly interesting in terms of
film fabrication. The term 2 takes into account the fact that the interaction between two
oscillating dipoles depends on the orientation of the dipoles in space. For a random
distribution of interacting dipoles, 2 is a constant and equal to 2/3. However, if the
dipoles are parallel aligned 2 becomes 4, allowing six times more efficient energy
transfer. The RDA is the distance between the electric dipoles or oscillators, so in the case
of a conjugated fluorescent polymer film it is the distance between two polymer main-
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chains. It can be expected that alignment of polymer backbone parallel to each other
should increase the value of K} and decrease the distance, RDA.
Another important concern that should be considered is self-quenching due to
intermolecular aggregation in the solid state. In the case of n-conjugated polymers,
excimer formation is highly favored and it has been reported that the formation of an
intermolecular excimer is a cause of the low quantum yield by self-quenching in the solid
state.4647,484 An excimer is art excited state dimer that is formed between an excited
molecule and a non-excited molecule of the same structure. The excimer structure
involves a face-to-face parallel alignment of aromatic moieties with a sandwich-type
close packing (3-4 A).46'47 Because the sensitivity of fluorescent chemosensors depends
on the amount of fluorescence quenching relative to the original fluorescence intensity,
excimer formation must be prevented to obtain strong initial fluorescence. Therefore,
general molecular design principles and optimum film structures must be systematically
developed to make sensory films that display efficient Frster energy transfer and
minimal aggregation.
1.4 The Langmuir-Blodgett Technique and Ultra-thin Organic Films
Conjugated polymers are emerging materials for many applications including light
emitting diodes (LEDs),50'5 light-emitting electrochemical cells (LECs), 51,52 field effect
transistors (FETs), 53' 54 plastic lasers, 5' 56' 57 batteries, '59 and sensors. 23 ,60 In many
applications, the nanostructure of conjugated polymers at the molecular level plays a
decisive role in the function of devices such as organic field effect transistors6 1 or
electroluminescence devices.6 2 The characteristics of conjugated polymer-based
chemosensors are also strongly influenced by their nanostructures in the solid films. For
example, to maximize the efficiency of specific receptor sites within a polymer, it is
essential to control the surface composition of the film. Thickness control also has very
important implications with respect to the contrast of measurable signal changes.
Reducing overall thickness to molecular dimensions will allow fast response times since
the equilibration of ultra-thin films should be faster than thick films. For conjugated
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polymer-based fluorescence chemosensors energy migration in the film thickness
direction may be limited, so there is an optimum thickness where fluorescence intensity
change should show the highest contrast. Moreover, to take full advantage of the tunable
properties of conjugated polymers and to achieve the best performance, it is essential to
understand their structure-function relationships and other principal design parameters in
constructing a sensory film. Consequently, an efficient method to control the
nanostructures of conjugated polymers in solid-state is required.
Highly aligned films of well-defined structure are also required in conventional
optoelectronics, information storage and display technologies.6 3 There are numerous
methods to produce polymer alignment via stress-induced orientation such as fiber
spinning, calendering, and pulforming. However, with these methods, ultrathin films
cannot be prepared. To make oriented thin films for liquid crystalline displays, a
mechanical rubbing method with polyimide has conventionally been used, however, it is
very difficult to make a well-aligned film over large areas by this method.64 The
Langmuir-Blodgett (LB) technique65 is a unique method for controlling the structures of
thin organic films at the molecular scale.666 7 Although self-assembly is also a powerful
method to make ultrathin layers, this method cannot provide chain alignment. The LB
technique makes it possible to produce supramolecular architectures with well-defined
layered assemblies and allows the study of physical phenomena down to molecular level.
Other advantages of the Langmuir-Blodgett technique are that it is conducted under
ambient conditions and as such does not involve energetic processes like sputtering or
thermal evaporation. Additionally, only small amounts of material are required and water
is the principal solvent. Applications of the Langmuir-Blodgett films include the
formation of sensors, 68 69,70,71,89 photo- or e-beam resists, 72 ' 73' 74 electronics, 75 information
storage systems,7 6'7 7 barrier layers,78' 79 and wave guides.80
The LB technique involves spreading surface-active molecules on the air-water
interface and then compressing the molecules using barriers to produce a close-packed
pseudo-solid monolayer as described in Figure 1.7. Conventionally, the surface-active
materials used for the LB method are amphiphilic with both a hydrophilic and a
hydrophobic part. A hydrophilic head-group orients the molecules at the air-water
interface and a hydrophobic tail group prevents dissolution into water, giving a tightly
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packed structure stabilized by Van der Waals forces. At a controlled and constant surface
pressure, this tightly packed Langmuir monolayer is transferred to a hydrophobic or
hydrophilic substrate, and depending on the substrate and material properties, X-, Y- or
Z-type multilayer films can be fabricated (Figure 1.8).
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Figure 1.7 The Langmuir-Blodgett technique (side view) and a typical pressure-area
isotherm.
I-
I-
I-.
I- =
-w
I-I-
I-
I-
---4
--4
-__4
-_4
-4
-__44
-4
-4
-4
-4
_4
-4
-4
I I
Ii
-- -4
-__4
_4
-
-4
-4=" =
-~ -
-4ICII I-4
~ 3-4
=
-- 4
-4
-4-.
-4
_-4
-_4
-_4
---4
-4
=__
-
=
X-type (downstroke only) Y-type (both directions) Z-type (upstroke only)
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However, there are many non-amphiphilic materials such as phthalocyanines,81' 82
porphyrins,8 3' 84 oligothiophenes, 8 5 polycyclic aromatic quinones, 86 and
polysiloxanes8 788'89 that show good LB forming properties. Wegner and coworkers have
found that even though rod-like polymers with flexible side chains ("hairy-rod") are not
traditional amphiphilic molecules, they form stable monolayers at the air-water interface
and can be transferred to a substrate with a transfer ratio of about 100% on both the
downstroke and upstroke of the substrate.7 4 80 '8 788'89 90 '9 '9 2 This vertical dipping method
when conducted with "hairy-rod" polymers, was shown to produce highly oriented
anisotropic films. The hairy-rigid-rod polymers investigated include alkylated
celluloses, 93 ' 94 '9 5 polysiloxanes, 8 7' 88'8 9 polyglutamates,74809091 and alkoxy substituted
poly(p-phenylenes).92 Generally speaking, the rod length did not have significant effects
on the degree of orientation.9 6 All of these polymers have rigid-rod-like backbone
structures and short and long alkoxy side chains around their cylindrical core (Figure
1.9). These hairy groups act like as a liquid-like skin to produce a matrix in multi-layers
films, and the rigid-rod main-chain acts as a reinforcing element in these multi-layered
films. Hence, they have been referred to as "molecularly reinforced liquids".9 4 96' 97 These
polymers form a new category distinct from conventional amphiphilic Langmuir-
Blodgett materials.
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Figure 1.9 Some examples of hairy-rod type macromolecules.
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There are two possible mechanisms by which the orientation of the rod-like
polymers films is induced in the Langmuir-Blodgett technique.98 '99'0 0 The first is a
compression-induced orientation. When barriers move and compress the rigid-rod
polymers, they create an inhomogeneous stress. This stress induces alignment of the
polymers parallel to the barriers. Flow fields can also be used and Maruyama et al. have
investigated the immersion of a four-roll mill in a Langmuir-Blodgett trough that
improved the degree of orientation with a well-defined extensional flow.98 A similar
induced-orientation has been reported during the transfer of multi-layers that shows
preferential alignment in the dipping direction. Schwiegk et al. hypothesized that the in-
plane orientation arises from the flow of the hairy-rigid-rod polymer monolayers at the
air-water interface during vertical dipping. From many similar studies it was concluded
that the velocity gradients generated by shear force during transfer of the floating
monolayers were the origin of the observed in-plane anisotropy.
The in-plane order parameter (S = (All - Aj)/(Al + A,), where, All and Al are the
absorptions for polarization parallel and perpendicular to the dipping direction,
respectively)92 97 describes the degree of anisotropy of a film and can be further improved
by thermal annealing.99 At high temperatures the side chains of hairy-rigid-rod polymers
have sufficient mobility to further change the orientation of the polymers. This
phenomenon obeys the time-temperature superposition principle and the driving force
could be minimizing the free volume and internal stress induced by misalignments.
Molecular superstructures can be characterized by x-ray,9 3 '10' atomic force microscopy
(AFM), 10 2"103 plasmon spectroscopy,80 IR spectroscopy,748990 UV-visible spectroscopy, 9 2
ellipsometry,104 transmission electron microscopy (TEM),'05 and polarization-modulation
microscopy 10 6 Using dichroism in the IR and UV-visible spectra, the order parameter can
be calculated, and the layer spacing is obtained from small angle x-ray diffraction data.
Potential applications of these well-aligned films include liquid separation and/or
transport membranes, 104 silicon-wafer bonding,'0 7 separators in rechargeable solid-state
lithium cells,l08 optical waveguides,80 chemical sensors,89 liquid crystalline displays,09
and bioorganic membranes.7 2 Anisotropic polymer films of iso-pentoxy substituted
poly(p-phenylenes) have also found application as polarized light emitting diodes
(LED). 9
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All of these hairy-rigid-rod polymers have an axis of symmetry, so dispersed
monolayers do not have a strongly preferred orientation on the water-air interface. In
contrast, poly(p-phenylene ethynylene)s, the primary conjugated polymers for this thesis,
have a rigid-ribbon-like structure. Therefore, poly(p-phenylene ethynylene)s can have
preferential orientation at the air-water interface by controlling the chemical properties of
the side chains attached to the ribbon-like backbone. In this regard, poly(p-phenylene
ethynylene)s may represent an advance in the architecture of multilayer films.
1.5 Objectives
Conjugated polymer-based sensors have drawn a great deal of interest from both
scientific and industrial research areas. As a result of the fact that the properties of
conjugated polymers can be tuned by structural modifications, these materials have great
potential in many sensor designs. In addltion to these various chemical structures, their
conformations and spatial arrangement in the solid state also have huge effects on the
characteristic properties of the conjugated polymer-based sensors. This thesis focuses on
conjugated polymer based fluorescent chemosensors. Through out this thesis, important
tuning parameters for the sensitivity and the selectivity of sensory films will be
systematically addressed. In particular, it aims to address the effects of chemical
structure and spatial orientation of sensory polymers and film design on the sensitivity
and selectivity of the sensory polymers.
In Chapter 2, molecular design principles and a new powerful method to control the
conformation and spatial arrangement of conjugated sensory polymers are discussed.
Based on this controlled conformation and spatial orientation, Chapter 3 then covers
supramolecular assemblies of conjugated sensory polymers to make well-defined nano-
structural films. Chapter 4 then elaborates on photophysical properties of controlled
structural fluorescent films to derive a general design principle for making highly
fluorescent polymer films. The role of intermolecular aggregation in optical properties of
conjugated fluorescent polymers is also discussed. In Chapter 5, a method to control the
intermolecular aggregation in solid state is developed. Chapters 6 and 7 contain a
systematic analysis of energy transport in sensory films, and determine the optimum
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thickness of sensory films for the best sensitivity. The knowledge obtained from the
aggregation studies is applied to develop a highly sensitive and selective ion sensor
system in Chapter 8 Chapter 9 deals with the effect of chemical design on the selectivity
of sensory polymers. Rational chemical modification times the selectivity of polymers
toward an explosive material (TNT). To achieve ultimate signal amplification, a vectorial
energy transport concept in sensory films is developed in Chapter 10. Finally in Chapter
11, n ideal sensory film structure for optimized selectivity and sensitivity is deduced
based on the results of this thesis.
Parts of some chapters have been published previously as noted in respective
chapters. The co-authors of the publications have contributed to the results in terms of
material preparations, experimentations, or discussions.
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Chapter 2
Controlling Conformation and Spatial Arrangement
of Conjugated Polymers
The spectroscopic properties of conjugated polymers are strongly influenced by
both the conformations of single polymer and the interpolymer interactions. However,
due to their high molecular weight and amorphous character, controlling conformations
and interpolymer interactions is challenging This chapter describes a new method of
precise control and analysis of a polymer's conformation and interpolymer interactions
by combining unique surfactant (poly(p-phenylene ethynylene)s) and spectroscopic
studies of their structural monolayers at the air-water interface. Since poly(p-phenylene
ethynylene)s has a planar-ribbon-like structure, by precise design of hydrophobic and
hydrophilic side chains, monolayers in three different superstructures are made possible.
The first is the face-on with co-facial r-plane organization with the air-water interface.
The second is the edge-on; the 7r-plane lies normal to the interface. The third is the
zipper with alternating face-on and edge-on. Interestingly, it is possible to mechanically
induce conformational changes from face-on to zipper and zipper to edge-on by applying
surface pressure. In situ UV-Vis and fluorescence spectroscopy of these monolayers
reveals the precise inter-relationship of conformation and interpolymer interactions to the
intrinsic optical properties.
Parts of this chapter appear in: Kim, J.; Swager, T. M. Nature submitted.
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2.1 Introduction
The role of conjugated polymers (CPs) in emerging electronic, sensor, and display
technologies is rapidly expanding. In many applications, the nanostructure of CPs at the
molecular level plays a decisive role in the function of devices such as organic field
effect transistors or electroluminescence devices. Single-chain conformation and
interpolymer interactions strongly affect the intrinsic properties of CPs and therefore
govern the characteristics of CP-based sensors. However, in more than 20 years of CP
research, 2' 3' 4' 5'6 '7'8 9 l0 ' l no effective or precise method has been developed for
controlling conformation of a single polymer and interpolymer interactions; therefore, the
intrinsic spectroscopic properties of conjugated polymers in precise conformational and
spatial arrangements have remained elusive. Researchers have used many indirect
methods, such as changing side chain bulk or dissolving polymers in different solvents, in
an attempt to manipulate the intrinsic properties of CPs. The obstacles are endemic to
polymers, which often defy assembly into single crystals or organized structures due to
entropic and polydispersity considerations. For the first time the control of individual
polymer's conformation and interpolymer interactions is presented in this chapter by
employing uniquely designed surfactant poly(p-phenylene ethynylene) (PPE) Langmuir
films. By mechanically inducing reversible conformational changes of these Langmuir
monolayers, the precise inter-relationship of a single chain's conformation and/or
interpolymer interactions and its intrinsic optical properties have been revealed. These
methods for controlling a conjugated polymer's structure and establishing its intrinsic
spectroscopic properties provide for a more comprehensive understanding of fluorescent
conjugated materials.
2.2 Results and Discussion
Four PPEs composed from four surfactant building blocks that display preferential
orientations at the air-water interface were designed. Unique combinations of these
building blocks allow us to control an isolated polymer chain's conformation and
interpolymer interactions. The first building block (A in Figure 2.1) with two para-
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Figure 2.1 Conformations and spatial arrangements of polymers 1 - 4 at the air-water
interface and their reversible conversions between face-on, zipper, and edge-on
structures. Polymer 1: M,=23,000, PDI=2.4; Polymer 2: Mn=293,000, PDI=1.7;
Polymer 3: Mn=1 15,000, PDI=2.2; Polymer 4: Mn=96,000, PDI=2.8.
hydrophobic dioctylamide groups is expected to display a face-on structure, with its
phenyl groups co-facial to the air-water interface. 2' 13 The second building block, B. has
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two para-hydrophilic triethyleneoxide groups and is also expected to prefer a face-on
structure. The third building block, C, has one hydrophobic and one hydrophilic group
para to each other, and is inclined toward an equilibrium edge-on structure with the -
plane normal to the interface. The last, D, with two ortho-hydrophobic dodecyloxy
groups favors an edge-on structure. By design we have used these four building blocks to
produce PPEs with precise structural features at the air-water interface. As the following
discussion will substantiate, these polymers display one of three equilibrium
organizations (face-on, alternating face-on and edge-on (zipper), or edge-on) depending
upon the structure and surface pressure (Figure 2. ).
Critical to this new analysis is the ability to switch between different structures by
applying mechanical force while monitoring the Langmuir monolayer's optical spectra.
Figure 2.1 shows the PPEs' chemical structures, conformations and spatial arrangements
at the air-water interface. The assignments of the conformations and spatial arrangements
are based on a self-consistent analysis of the pressure-area (PA) isotherms (Figure 2.2).
molecular modeling (Figure 2.3), and in situ UV-Vis and fluorescence spectroscopy
(Figure 2.4). Experimental setup of in situ spectroscopy is illustrated in Figure 2.5.
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Figure 2.2 Pressure-Area isotherms of polymers 1 - 4.
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Polymer I Polymer 2
-126kA2 -196 A2 -134 A2
Face-on Face-on -4 Zipper
Figure 2.3 Projected areas of polymers I and 2 from molecular models. Top views of
two repeating units of polymers I and 2 were shown. The calculated length of one
repeating unit is 14 A. which is used to calculate the area per repeating unit from the
modeling.
Polymer I favors the face-on structure with a large extrapolated area per repeating
unit of 240 A2. As the monolayer is compressed the surface pressure increases until the
monolayer folds into multilayers at 30 mN/!m and an area per repeating unit ff 130 A2.
Molecular modeling predicts 126 A2 when 1 is highly compressed in the face-on structure
(Figure 2.3). The absorption ma,, of 1 at the air-water interface at 0 mN/m is 35 nm red-
shifted relative to its solution value due to the increased n-conjugation length in the face-
on structure.5 "4 The studies on these polymers point to the polymer having a highly non-
planar structure in solution (vide infra).' 5 Compression perturbs the it-conjugation
system, causing the blue shift in absorption spectra with increased pressure (Figure
2.4(a)). During the compression, the fluorescence quantum yield is unchanged indicating
as expected that edge-to-edge interpolymer interactions do not affect on the quantum
yield (Figure 2.4(b)). After 1's monolayer folds into a multilayer at 30 mN/m, aggregated
fibrils are visually observed. In situ UV-Vis spectrum also shows an additional
aggregation peak at 464 nm, 13 nm to the red of the absorption m,, of the face-on
structure with the maximized t-conjugation. It has been confirmed that the additional red
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band is from interpolymer aggregation by conducting the same in situ UV-Vis
experiment on a previously studied polymer that is isostructural except that the ethylene
oxide side chains of B are part of a macrocycle that prevents aggregation. In this case,
even after the folding into a multilayer the UV-Vis spectrum does not show the additional
peak at 464nm. The PA isotherm of 1 is completely reversible as are the spectroscopic
changes.
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Figure 2.4 In situ UV-Vis and fluorescence spectra of Langmuir i:onolayers of
polymers 1 - 4 during cycles of compressions and expansions. Polymer solutions were
prepared in chloroform. (a) In situ UV-Vis spectra and Xmax at various surface
pressures. (b) In situ fluorescence spectra and relative quantum yields at various
surface pressures and area per repeating units (relative quantum yield at 0 mN/m = 1).
Excitation wavelength was 420 nm.
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Figure 2.5 Experimental setup of in situ UV-Vis and fluorescence spectroscopy.
Polymer 2 also shows completely reversible PA isotherms and spectroscopic changes
during cycles. The extrapolated area per repeating unit of 240 A2 for 2 is the same as for
1, confirming the face-on structure. Even though C's equilibrium orientation should be
edge-on, C has face-on structure initially not to generate vacuum because having vacuum
at the air-water interface is much more thermodynamically unfavorable than having non-
equilibrium edge-on structure. A distinct difference of 2's PA isotherm is the transition
between 15 and 20 mN/m wherein the orientation of the C repeating units change to an
edge-on structure, allowing further compression up to 90 A2 . 2's new alternating face-on
and edge-on conformation with neighboring chains interlocked is referred as a zipper
structure (Figure 2.1). The areas per repeating unit predicted by molecular modeling are
196 A2 and 134 A2 for the face-on and the zipper structure respectively, which are in good
agreement with the PA isotherm (Figure 2.2). The transition point (140 A2) in the PA
isotherm was calculated from the second derivative of the isotherm. The spectroscopic
measurements also support this structure. Initial compression up to 15 mN/m causes the
same minor perturbation of =-conjugation system as in the case of 1. However, continued
compression from 15 to 20 mN/m causes a transition from the face-on to the zipper
structure, which decreases the n-conjugation length thereby generating a large 21 nm
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blue shift. A 34 nm blue shift is observed over the entire compression (0 - 20 mN/m).
The fluorescence spectrum also showed a 9 nm blue shift with the face-on to zipper
transition. The 38% increase in quantum yield is likely due to a larger energy gap and
reduced intramolecular dynamics in the compressed state. The larger energy separation of
Si and So decreases the Franck-Condon overlaps of the nuclear wavefunctions that
control the internal conversion rate and therefore an improved quantum yield is
expected.'6 It is also possible that an interlocked zipper structure, which lacks extended
n-conjugation, reduces the exciton's diffusion length thereby reducing quenching with
molecular oxygen or other impurities. The Xm of the initial face-on structure is red-
shifted 38 nm relative to solution indicating, as mentioned earlier, that a similar non-
planar conformation to the zipper structure is present in solution. The blue-shifted
fluorescence Xma, of the zipper phase (462 nm) is also similar to the solution value (457
nm). The zipper structure is further supported by the synthesis of polymers with small
amounts of ethynylene homo-coupling (i.e. diacetylene groups) that disrupt the
interlocking structure of polymer chains. A regularly alternating -A-C-A-C-A-C-
structure is required to observe clear transitions in the PA isotherm. Small amounts of an
-A-C-C-A-C- imperfection 17 and many more chain ends due to low molecular weight
gives less featured PA isotherm. After the monolayer of 2 folds into a multilayer film, a
similar behavior to that of 1 is observed with the formation of an aggregation peak at 470
nm.
Langmuir monolayers of Polymer 3 appear to assemble into the zipper structure
before compression and have an extrapolated area per repeating unit of 150 A2 that is
much smaller than 1 and 2. Consistently the shape and X,. of the monolayer's absorption
and fluorescence are the same as those in solution. As 3 is compressed, the building block
B transforms from a face-on to an edge-on structure between 150 and 100 A2. In the
edge-on structure polymers are co-facially arranged, and as being previously established
i-aggregation between main-chains generates a new aggregation band in the UV-Vis
spectra. This new narrowed red-shifted band with a distinct shoulder is characteristic of a
n-aggregated state with lower quantum yields and should be distinguished from the red-
shift due to planarization alone' 8 observed for 1 and 2. The film in an edge-on structure is
aggregated prior to film collapse, therefore no new band arises upon folding into a
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multilayer. As the aggregation band grows the fluorescence is quenched by
intermolecular effect, and when completely aggregated the quantum yield drops to 16%
of the initial non-aggregated value (Figure 2.4(b)). In addition, solid solutions of 3 in
PMMA were prepared. As the weight fraction of 3 increased, an additional band in UV-
Vis spectra appeared and grew, and their fluorescence spectra gradually quenched along
with the additional band. Since increasing amount of PPEs does not induce planarization
of PPEs but reduces the distance between polymer chains, the additional peak is purely
from interpolymer aggregation. The excitation spectrum of the broad fluorescence band
at 510 nm of 3 has the same shape of the UV-Vis spectra with an aggregation peak. Prior
to the folding of the monolayer into aggregated multilayers, the transition from the zipper
to the edge-on structure is completely reversible. Therefore, releasing the surface
pressure de-aggregates the film and the initial absorbance and fluorescence spectra are
reestablished.
Polymer 4 has two edge-on building blocks and forms the edge-on structure even
before compression. Molecular modeling for 3 and 4 in an edge-on structure predicts an
area per repeating unit of 64 A2, which is consistent with 60 A2 from the PA isotherm. As
it is compressed, the fluorescence intensity gradually decreases because the reduced
distance between co-facially arranged polymer main-chains promotes self-quenching. 9 °20
The area per repeating unit whereat the monolayer folds into multilayers is 50 A2 , the
same value for polymer 3. This observation also supports the transition of 3 from the
zipper to the edge-on. The broad aggregate emission band is also identical with that of
highly compressed 3. At an area per repeating unit of 50 A2 the monolayer folds into
multilayer. A repeat unit length of 14 A provides an closest interpolymer distance of 3.6
A provided main-chain phenyl rings are standing perpendicular to the air-water interface.
The red-shifted absorption band implies that the aggregation is likely J-type. However,
since it is not clear how to define dipole length in a conjugated polymer, particularly a
polydisperse one, and the precise registry of polymer chains with respect to each other is
not clear, it can not be confirmed whether the aggregation is H-, or J-type.
To verify the nature of the emission peak at 471 nm and the sharp absorption peak
at 463 nm, non-solvent induced aggregation studies have also been conducted. Polymer 4
was dissolved in chloroformn, and then UV-Vis (Figure 2.6) and fluorescence spectra
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(Figure 2.7) were taken as methanol. a non-solvent, was gradually added into the
solution. As the non-solvent increases the absorption and emission intensities decreases
due to dilution. Above equal amounts of chloroform and methanol, the polymer
aggregates and absorption spectra display a pseudo isosbestic point (Figure 2.6). An
isosbestic point implies that there are two different species in the solution. Due to limited
solubility of 4, it was technically difficult to conduct the experiment at a constant molar
concentration, which is necessary condition for a real isosbestic point. The absorption
X.ma of the aggregate is 460 nm, close to the 463 nm of 4 at the air-water interface. The
non-aggregated emission peak at 452 nm is continuously suppressed with added
methanol until the spectrum has a main peak at 475 nm and other two peaks at about 510
and 545 nm (Figure 2.7). The final fluorescence spectrum is almost identical with the
fluorescence spectrum of 4 in the edge-on structure at the air-water interface.
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Figure 2.6 UV-Vis spectra of 4 in chloroform and methanol mixture. The numbers
in the legend indicate the volume of chloroform: methanol.
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Figure 2.7 Fluorescence spectra of 4 in chloroform and methanol mixture. The
numbers in the legend indicate the volume of chloroform: methanol. The bottom
four spectra are expanded in the inset.
Excitation spectra of a solution in which an aggregated and a non-aggregated
phase coexist have been taken by monitoring the emission at 450, 475, 510, and 545 nm
(Figure 2.8). The emission peak at 450 nm corresponds to the non-aggregated phase as its
excitation spectrum displays a maximum at 420nm. The emission peaks at 475, 510 and
545 nm all have the same excitation spectra with peaks at 420 and 460 nm. Therefore,
these three peaks are the result of polymer aggregates and presence of the 420 nm peak in
the excitation spectra is due to energy transfer from the higher energy non-aggregated
phase to the aggregated phase. The possibility of an excimer can be discounted because a
ground state absorption, which is responsible for the new emission bands, is clearly seen.
An excimer is an excited state complex and should not result in new absorption bands.
The three emission peaks at - 470, 510, 545 nm are due to interpolymer
aggregation. Low temperature fluorescence measurements were fiurther conducted to
better address the three peaks in the emission. The two peaks at 510 and 545 nm are
believed to be vibrational peaks and as shown in Figure 2.9 these splittings are in the
energy range of unsaturated C-C and C-O stretching modes. The intensity of the 475 am
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Figure 2.8 Fluorescence spectrum and excitation spectra of 4 in mixed
solvent of chloroform and methanol (3:5.5).
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Figure 2.9 Fluorescence spectra of polymer 4 at various temperatures.
The polymer was dissolved in chloroform/methanol (1:2 vol. ratio) mixture.
peak decreases relative to the 510 and 545 nm with decreasing temperature until -400 C at
which it maintains at a constant intensity (Figure 2.9). The change in intensity between
these 0-0, 0-1, and 0-2 bands is as a function of temperature due to changes in their
Frank-Condon overlap factors.
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Selected UV-Vis spectra of 1 - 4 from Figure 3a are compared in Figure 2.10.
These spectra clearly demonstrate the self-consistency of our results that have allowed us
to unambiguously assign the structures to different spectral attributes. Polymers 1 and 2
have the same face-on structure at 0 mN/m then mechanical pressure at 20 mN/m induces
transition of 2 into the zipper structure which 3 has initially at 0 mN/m. Mechanical
compression of 3 causes the transition into the edge-on structure with a co-facial t-
aggregation band that 4 has from the onset.
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Figure 2.10 Selected UV-Vis spectra of polymers 1 - 4 between in face-on, zipper,
and edge-on structures, demonstrating inter-relationship between the conformation
and interpolymer interactions.
The combination of unique surfactant design and mechanical interrogation at the
air-water interface have allowed us to clearly show the inter-relationships between the
conformation of a single chain and the interpolymer interactions and a conjugated
polymer's absorption and emission properties. Although these materials have been
studied extensively, 4' 8'10' 11'i 4 the intrinsic properties of isolated chains and ordered
aggregates have yet to be established. The influence of structure on the charge and energy
transporting properties of conjugated polymers can also be addressed by extensions of the
methods presented here.
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2.3 Experimental
2.3.1 General Methods
A Nima 601 M model LB trough with a window was used for the studies. The in situ
UV-Vis spectra were obtained on a Hewlett-Packard 8453 diode array spectrophotometer
or Cary 50 Scan with fiber optics. The in situ fluorescence studies were conducted with a
SPEX Fluorolog-x2 fluorometer equipped with fiber optics. All the spectroscopic
measurements on Langmuir films were conducted through optical fibers. Molecular
modeling was performed using the Spartan 5.0 molecular modeling program running on a
SGI 02 (R12000) workstation. These calculations are intended to give good estimates of
the areas per repeating unit and required some geometric constraints that simulate the
organizational preferences at the air-water interface.
2.3.2 Synthesis and Characterization
O O O OCH3 0 0 0 OCH3 Pd(PPh3)4, Cul
I .. , (a) 2.2 TMSA, PdCI2(PPh3)2 A Toluene, DIPA
Cul, Toluene, DIPA, 64% 1 1
5(b) TBAF, MeOH, 87% I ' "OXOX.O_. OOO/O C H3 I
CON(CHI7)2
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-diiodobenzene. A 10mL
three-necked round bottomed flask equipped with a stir bar was charged with 1,4-diiodo-
2,5-hydroquinone2T (1.00 g, 2.76 mmol, 1 eq.), triethylene glycol monomethyl ether p-
toluenesulfonate (3.52 g, 11.06 mmol, 4 eq.), and methylethylketone (60 mL) under
nitrogen atmosphere at room temperature. Into this solution, K2CO3 (1.53 g, 11.07 mmol,
4 eq.) and KI (46 mg, 0.28 mmol, 0.1 eq.) were added in one portion. The reaction
mixture was refluxed at 1000C 48 hours, and then cooled to room temperature. The
solvent was removed in vacuo, and the residue was dissolved in CH2C12 (100 mL),
followed by rinsing with 100 mL of 10% KOH solution, distilled water. The organic
layer was separated, washed with saturated aqueous NaCI (100 mL), and then dried
(MgSO4), and concentrated in vacuo to give orange color oil. Flash chromatography
(80% CH2CI3/10% ethylacetate/10% hexane) afforded a yellow oil (3.16 g, 87%) that was
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solidified slowly upon storing at 0°C. H NMR (250 MHz, CDCI3) 6 7.23 (s, 2H), 4.1 1 (t,
J-4.8 Hz, 4H), 3.88 (t, .=4.8 Hz, 4H), 3.82-3.78 (m, 4H), 3.72-3.65 (m, 8H), 3.60-3.54
(m, 4H), 3.38 (s, 6H); 3C NMR (75.5 MHz, CDC13) 8 59.34, 69.83, 70.49, 70.83, 70.99,
71.38, 72.18, 86.58, 123.55, 153.16 ppm; HR-MS: calcd for C20oH32120 8 (M+): 654.0187,
found 654.0198.
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-
((trimethylsilyl)ethynyl)benzene. A 100 mL Schlenk flask equipped with a stir bar was
charged with 1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-diiodobenzene (0.70
g, 1.07 mmol, 1 eq.) trans-dichlorobis(triphenylphosphine)-palladium (II) (15mg, 21.4
pmol, 0.02 eq.), and copper(I)iodide (6.1 mg, 32.1 pmol, 0.03 eq.). The flask was placed
under argon, and then toluene (10 mL) and diisopropylamine (20 mL, 0.14 mol, 130 eq.)
were successively added. The orange solution was treated with (trimethylsilyl)acetylene
(0.33 mL, 2.35 mmol, 2.2 eq.), and stirred at 70°C for 48 hours. The solvent was
removed in vacuo, and the residue was dissolved in CH2C 2. Black mixture was filtered
through a one-inch plug of silica gel and eluted using ethyl acetate. The filtrate was
removed in vacuo to yield a black oil that was chromatographed (8% CH2C12 /25%
ethylacetate/67% hexane) to afford a golden oil (0.42 g, 64%) that was solidified slowly
upon storing at room temperature. H NMR (300 MHz, CDCI3) 8 6.93 (s, 2H), 3.88 (t,
=-4.8 Hz, 4H), 3.63 (t, -4.8 Hz, 4H), 3.57-3.53 (m, 4H), 3.45-3.39 (m, 8H), 3.33-3.29
(m, 4H), 3.13 (s, 6H), 0.27 (m, 18H).
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-diethynylbenzene (5). A
50 mL two-necked round bottomed flask was equipped with a stir bar and charged with
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-((trimethylsilyl)ethynyl)benzene
(0.32 g, 0.54 mmol, I eq.) and methanol (15 mL). The flask was capped and argon
bubbled through the solution for 45 minutes. Tetrabutylammonium fluoride hydrate
(0.34 g, 1.29 mmol, 2.4 eq.) was then added to the flask under argon and the mixture
stirred at room temperature for 12 hours. The red solution was then concentrated in
vacuo and the residue partitioned between CH2CI2 (100 mL) and water (50 mL). The
organic layer was washed with saturated aqueous NaCI (50 mL), and then dried
(MgSO4), and concentrated in vacuo. Flash chromatography (95% CH2C12/5% methanol)
afforded 5 (0.21 g, 87%) as a light yellow solid. 'H NMR (250 MHz, CDCI3) 8 7.00 (s,
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2H), 4.16 (t, J=5.1 Hz, 4H), 3.88 (t, J=4.9 Hz, 4H), 3.80-3.77 (m, 4H), 3.68-3.64 (m, 8H),
3.59-3.54 (m, 4H), 3.39 (s, 6H), 3.34 (s, 2H); '3C NMR (100 MHz, CDC13)
8 58.03, 68.44, 68.55, 69.54, 69.68, 70.03, 70.91, 78.52, 81.77, 112.49, 117.18, 153.01
ppm; HR-MS: calcd for C24H3408 (M+): 450.2254, found 450.2266.
Polymer 1. A 10 mL Schlenk flask equipped with a stir bar was charged with 1,4-bis
(N,N-dioctylcarbamoyl)-2,5-diiodobenzene21 (86.5 mg, 100 pmol, 1 eq.), 1,4-
bis((triethylene glycol monomethyl ether)oxy)-2,5-diethynylbenzene(5) (46.4 mg, 103
pmol, 1.03 eq.), and copper(I)iodide (2.3 mg, 12 unol, 0.12 eq.). The flask was placed
under argon, and tetrakis-(triphenylphosphine)palladium (0) (8.1 mg, 7 mnol, 0.07 eq.)
was added under a nitrogen atmosphere. Toluene (3mL) and diisopropylamine (1.12 mL,
8 mmol, 80 eq.) were successively added by syringe, and the mixture was stirred at 70°C
for 24 hours. The cooled polymer solution was precipitated in methanol, filtered, and
rinsed with warm methanol and distilled water. After drying under high vacuum,
polymer 1 was obtained as a brown solid. H NMR (300 MHz, CDCI 3) 6 7.45 (s, 2H),
6.93 (s, 2H), 4.14 (br s, 4H), 3.88 (m, 4H), 3.77 (m, 4H), 3.66 (m, 8H), 3.56 (m, 6H),
3.38 (m, 6H), 3.17 (br s, 6H), 1.70-1.03 (m, 48H), 0.86 (m, 12H) ppm; GPC: Mn =
23,600; PDI = 2.4.
OH
TMSI I
CH 2CI2
46% 
H21 OC
(a) 2.2 TMSA, PdC12(PPh3)2
Cul, Toluene, DIPA, 86%
(b) TBAF, MeOH, 90%
0 0 0 OCH3
K2 CO3 , cat. KI I 
Acetone, 75 °C 1
Ts O/ O OCH3 1
DH21 90 % OCoH21
0 0 0 OCH3 Pd(PPh3)4, Cul
N Toluene, DIPA,TMPD
CON(C8 H1 7)2
OC10 H21
6
ICON(
CON(CsH 1 7 )2
1,4-Diiodo-3-decyloxyphenol. A flame-dried 250 mL Schlenk flask equipped with a
stir bar was charged with 2,5-diiodo-4-decyloxyanisole 2 (10.08 g, 19.5 mmol, 1 eq.) and
then placed under argon. CH2Cl2 (100 mL) and trimethylsilyl iodide (3.0 mL, 21 mmol,
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1.05 eq.) were successively added, causing the solution to turn light yellow. The flask
was stirred at room temperature for 4 days in the absence of light, and then methanol (10
mL) was added to the quench the excess trimethylsilyl iodide. The reaction mixture was
washed sequentially with saturated aqueous NaCI (150 mL), saturated aqueous NaHCO3
(150 mL), and saturated aqueous NaCI (100 mL) and then dried (Na2SO4), and
concentrated in vacuo. Flash chromatography (50% Hexane/50% CH2Cl2, Rf = 0.26)
afforded 2.71 g of 1,4-Diiodo-3-decyloxyphenol in 46% yield based on recovered 2,5-
diiodo4-decyloxyanisole (4.05 g). 'H NMR (250 MHz, CDC13) 8 7.41 (s, IH), 7.02 (s,
1H), 3.91 (t, J= 6.4 Hz, 2H), 1.80 (qn, J= 6.6 Hz, 2H), 1.60-1.20 (br m, 14H), 0.88 (t, J
= 6.8 Hz, 3H); 13C NMR (125 MHz, CDCI 3) 8 152.56, 149.70, 124.75, 120.82, 87.57,
84.39, 70.32, 31.88, 29.52, 29.51, 29.29, 29.25, 29.07, 25.99, 22.66, 14.13; HR-MS:
calcd for C16H241202 (M+): 501.98656, found 501.9866.
l-((Triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-diiodobenzene. A
250 mL three-necked round bottomed flask equipped with a stir bar and a condenser was
charged with 1,4-diiodo-3-decyloxyphenol (0.97 g, 1.93 mmol, 1 eq.), triethylene glycol
monomethyl ether p-toluenesulfonate (0.69 g, 2.17 nmmol, 1.1 eq.), potassium carbonate
(0.80 g, 5.80 mmol, 3 eq.), potassium iodide (31 mg, 0.18 mmol, 0.1 eq.), and acetone
(100 mL). The mixture was heated at 75°C for 48 hours, and then cooled to room
temperature. The solvent was removed in vacuo, and the residue partitioned between
CH2CI2 (250 mL) and water (250 mL). The organic layer was separated, washed with
saturated aqueous NaCl (100 mL), and then dried (MgSO4), and concentrated in vacuo.
Flash chromatography (35% Ethylacetate/ 65% Hexane, Rf= 0.41) afforded a white solid
(1.30 g, 90%). 'H NMR (250 MHz, CDC13) 8 7.25 (s, IH), 7.16 (s, 1H), 4.10 (m, 2H),
3.90 (m, 4H), 3.80 (m, 2H), 3.67 (m, 4H), 3.56 (m, 2H), 3.38 (s, 3H), 1.78 (qn, J= 6.5
Hz, 2H), 1.55-1.20 (br m, 14H), 0.88 (t, J = 6.8 Hz, 3H) ppm; C NMR (125 MHz,
CDCI3) 8 153.16, 152.67, 123.60, 122.52, 86.45, 86.18, 71.91, 71.09, 70.71, 71.55, 70.30,
70.24, 69.59, 59.01, 31.86, 29.51, 29.49, 29.27, 29.23, 29.07, 25.98, 22.64, 14.09 ppm;
HR-MS: calcd for C23H38120 5 (M+): 648.0809, found 648.0819.
l-((Triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-
((trimethylsilyl)ethynyl)benzene. A 100 mL Schlenk flask equipped with a stir bar was
charged with 1-((triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-
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diiodobenzene (0.60 g, 0.93 mmol, 1 eq.), trans-dichlorobis(triphenylphosphine)-
palladium (II) (19.2 mg, 27.4 gtmol, 0.03 eq.), and copper(I)iodide (14.3 mg, 75.1 mol,
0.06 eq.). The flask was placed under argon, and then toluene (50 mL) and
diisopropylamine (0.60 mL, 4.28 mmol, 4.0 eq.) were successively added. The orange
solution was treated with (trimethylsilyl)acetylene (0.30 mL, 2.1 mmol, 2.2 eq.), and
stirred at room temperature for 48 hours. The black mixture was filtered through a one-
inch plug of silica gel and eluted using ethyl acetate. The filtrate was removed in vacuo
to yield a black oil that was chromatographed (25% Ethylacetate/75% Hexane, Rf = 0.31)
to afford a golden oil (0.47 g, 86%). 'H NMR (300 MHz, CDC13) 8 6.92 (s, 1H), 6.88 (s,
1H), 4.12 (t, J= 5.1 Hz, 2H), 3.94 (t, J= 6.6 Hz, 2H), 3.87 (m, 2H), 3.79 (m, 2H), 3.66
(m, 4H), 3.54 (m, 2H), 3.37 (s, 3H), 1.76 (m, 2H), 1.48 (m, 2H), 1.40-1.20 (br m, 12H),
0.88 (t, J = 6.9 Hz, 3H), 0.26 (m, 18H) ppm; '3C NMR (125 MHz, CDCI 3) 154.32,
153.55, 117.76, 117.28, 114.16, 114.02, 101.02, 100.85, 100.23, 100.09, 71.92, 71.12,
70.75, 70.51, 69.69, 69.55, 69.41, 58.97, 31.84, 29.59, 29.54, 29.38, 29.30, 29.28, 25.98,
22.63, 14.06, -0.07, -0.10 ppm.
1-((Triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-diethynylbenzene
(6). A 25 mL two-necked round bottomed flask was equipped with a stir bar and charged
with 1 -((triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-
((trimethylsilyl)ethynyl)benzene (0.40 g, 0.676 mmol, I eq.) and methanol (15 mL). The
flask was capped and argon bubbled through the solution for 45 minutes.
Tetrabutylammonium fluoride hydrate (0.48 g, 1.85 mmol, 2.4 eq.) was then added to the
flask under argon and the mixture stirred at room temperature for 2 hours. The red
solution was then concentrated in vacuo and the residue partitioned between CH2CI2 (100
mL) and water (50 mL). The organic layer was washed with saturated aqueous NaCI (50
mL), and then dried (MgSO4 ), and concentrated in vacuo. Flash chromatography (35%
Ethylacetate/65% hexane, Rf = 0.23) afforded 6 (0.27 g, 90%) as a red solid. H NMR
(250 NMHz, CDC13) 8 7.00 (s, 1H), 6.94 (s, 1H), 4.15 (t, J = 5.2 Hz, 2H), 3.97 (t, J = 6.6
Hz, 2H), 3.87 (m, 2H), 3.77 (m, 2H), 3.67 (m, 4H), 3.56 (m, 2H), 3.38 (s, 3H), 3.33 (s,
2H), 1.78 (qn, J = 7.8 Hz, 2H), 1.55-1.20 (br m, 14H), 0.88 (t, J = 6.8 Hz, 3H); 3C NMR
(125 MHz, CDCI 3) 8 154.25, 153.63, 118.35, 117.50, 113.47, 113.20, 82.59, 82.52,
79.67, 79.55, 71.89, 71.00, 70.66, 70.51, 69.56, 69.54, 69.48, 58.97, 31.85, 29.50, 29.48,
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29.27, 29.04, 25.83, 22.63, 14.07 ppm; HR-MS: calcd for C27H400s (M): 444.2876,
found 444.2861.
Polymer 2. A 10 mL flam-dried Schlenk flask equipped with a stir bar was charged
with 1,4-bis (N,N-dioctylcarbamoyl)-2,5-diiodobenzene (58.36 mg, 67.48 pmol, 1 eq), 1-
((triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-diethynylbenzene (6) (30.00
mg, 67.48 gmol, I eq.), N,N,N',N'-tetramethyl-1,4-phenylenediamine (TMPD) (2.80 mg,
17 grnol, 0.25 eq.), and copper(1)iodide (0.64 mg, 3.36 gtmol, 0.05 eq.). The flask was
placed under argon, and tetrakis-(triphenylphosphine)palladium (0) (3.90 mg, 3.37 gunol,
0.05 eq.) was added under a nitrogen atmosphere. Toluene (2 mL) and diisopropylamine
(2 mL) were successively added by syringe, and the mixture was stirred at 700 C for 43
hours. The cooled polymer solution was precipitated in methanol, filtered, and rinsed
with warm methanol. After drying under high vacuum, polymer 2 was obtained as a
brown solid. H NMR (300 MHz, CDCI3) 8 7.46 (s, 2H), 6.92 (s, H), 6.84 (s, 1H), 4.16
(br s, 2H), 4.00-3.80 (m, 4H), 3.78 (m, 2H), 3.68 (m, 6H), 3.56 (m, 2H), 3.38 (s, 3H),
3.18 (br s, 6H), 1.80-1.03 (m, 64H), 0.89 (m, 15H) ppm; GPC: Mn = 293,000; PDI = 1.7.
o 0 0 OCH3
I .. C,2H 250 TOC,2H2 5 Pd(PPh3 )4, Cul
+ -Toluene, DIPA
II 3
o 0 0 OCH3 7
1,2-didodecyloxy-3,6-diethynylbenzene (7). Dr. Zhengguo Zhu generously provided
this compound and the characterization data. H NMR (300 MHz, CDC13) 8 7.11 (s, 2H),
4.09 (t, J=6.6 Hz, 4H), 3.32 (s, 2H), 1.78 (m, 4H), 1.56-1.27 (m, 36H), 0.89 (t, J-7.1 Hz,
6H) ppm; 13C NMR (75.5 MHz, CDC13) 8 14.23, 22.78, 26.07, 29.44, 29.53, 29.72, 29.77,
30.29, 31.99, 74.30, 79.47, 82.53, 118.68, 128.09, 154.12 ppm; HR-MS: calcd for
C34H5402 (M+): 494.4124, found 494.4138.
Polymer 3. A 10 mL flam-dried Schlenk flask equipped with a stir bar was charged
with 1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-diiodobenzene (39.67 mg,
60.63 pmol, 1 eq.), 1,2-didodecyloxy-3,6-diethynylbenzene (7) (30.00 mg, 60.63 unol, 1
eq.), N,N,N',N'-tetramethyl-1,4-phenylenediamine (2.50 mg, 15.22 munol, 0.25 eq.), and
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copper(I)iodide (0.60 mg, 3.15 unol, 0.05 eq.). The flask was placed under argon, and
tetrakis-(triphenylphosphine)palladium (0) (3.50 mg, 3.03 Mmol, 0.05 eq.) was added
under a nitrogen atmosphere. Toluene (2 mL) and diisopropylamine (2 mL) were
successively added by syringe, and the mixture was stirred at 70°C for 3 hours. The
cooled polymer solution was precipitated in methanol, filtered, and rinsed with warm
methanol and water. After drying under high vacuum, polymer 3 was obtained as a
brown solid. H NMR (300 MHz, CDCI3) 8 7.18 (s, 2H), 7.04 (s, 2H), 4.20 (br m, 8H),
3.91 (m, 4H), 3.80 (m, 4H), 3.64 (m, 8H), 3.52 (m, 4H), 3.35 (m, 6H), 1.83 (m, 4H),
1.56-1.24 (m, 36H), 0.87 (m, 6H) ppm; GPC: Mn = 115,000; PDI = 2.2.
C12 H2 50 CC 1 2H25 Pd(PPh 3)4 , Cul
+ Toluene, DIPA,TMPD
i I, ~~~- 4
? 
Polymer 4. A 10 mL flam-dried Schlenk flask equipped with a stir bar was charged
with l-((triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-diiodobenzene (40.47
mg, 62.45 pnol, 1.03 eq.), 1,2-didodecyloxy-3,6-diethynylbenzene (7) (30.00 mg, 60.63
pmol, I eq.), and copper(I)iodide (0.60 mg, 3.15 jpmol, 0.05 eq.). The flask was placed
under argon, and tetrakis-(triphenylphosphine)palladium (0) (3.50 mg, 3.03 munol, 0.05
eq.) was added under a nitrogen atmosphere. Toluene (2 mL) and diisopropylamine (2
mL) were successively added by syringe, and the mixture was stirred at 70°C for 3 days.
The cooled polymer solution was precipitated in methanol, filtered, and rinsed with warm
methanol and water. After drying under high vacuum, polymer 4 was obtained as a dark
orange solid. H NMR (300 MHz, CDCI3) 8 7.18 (s, 2H), 7.04 (s, IH), 7.00 (s, IH), 4.19
(m, 6H), 4.00 (m, 2H), 3.92 (m, 2H), 3.81 (m, 2H), 3.62 (m, 4H), 3.54 (m, 2H), 3.36 (m,
3H), 1.82 (m, 6H), 1.55-1.20 (m, 50H), 0.87 (m, 9H) ppm; GPC: Mn = 96,000; PDI = 2.8.
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2.4 Conclusions
The combination of unique surfactant design and mechanical interrogation at the air-
water interface have allowed us to clearly show the inter-relationships between the
conformation of a single chain and the interpolymer interactions and a conjugated
polymer's absorption and emission properties. The elegance of this work is that the
conformation and intermolecular interactions are highly controllable, and monolayers in
specific structures are transferable to a substrate by the Langmuir-Blodgett method.
Therefore, a wide variety of structurally well-defined CP films are potentially fabricable
including poly(phenylenevinylenes) and polythiophenes. Although these materials have
been studied extensively, the intrinsic properties of isolated chains and ordered
aggregates have yet to be established. The influence of structure on the charge and energy
transporting properties of conjugated polymers can also be addressed by extensions of the
methods presented here.
2.5 References
1. Nguyen, T.-Q.; Wu, J.; Doan V.; Schwartz, B. J; Tolbert, S. H. Science 2000, 288,
652.
2. Shi, Y.; Liu, J.; Yang Y. J. Appl. Phys. 2000, 87, 4254.
3. Nguyen, T.-Q.; Martini, I. B.; Liu, J.; Schwartz, B. J. . Phys. Chem. B 2000, 104,
237.
4. Sirringhaus, H.; Brown, P. J.; Friend, R. H.; Nielsin, M. M.; Bechgaard, K.;
Langeveld-Voss, B. M. W.; Spiering, A. J. H.; Janssen, R. A. J.; Meijer, E. W.;
Herwig, P.; de Leeuw, D. M. Nature 1999, 401, 685.
5. Lucht, B. L.; Mao, S. S. H.; Tilley, T. D. J. Am. Chem. Soc. 1998, 120, 4354.
6. Cornil, J.; dos Santos, D. A.; Crispin, X.; Silbey, R.; Br6das, J. L. J. Am. Chem. Soc.
1998, 120, 1289.
7. Yang, J.-S.; Swager, T. M. J. Am. Cherm. Soc. 1998, 120, 11864.
8. Buvat, P.; Hourquebie, P. Macromolecules 1997, 30, 2685.
9. Jenekhe, S. A.; Osaheni, J. A. Science 1994, 265, 765.
10. Gettinger C. L.; Heeger A. J.; Drake J. M.; Pine D. J. J. Chem. Phys. 1994, 101, 1673.
11. Heun, S.; Mahrt, R. F.; Greiner, A.; Lemmer, U.; Bissler, H.; Halliday, D. A.;
Bradley, D. D. C.; Bum, P. L.; Holmes, A. B. J. Phys.: Condens. Matter 1993, 5, 247.
12. Kim, J.; McHugh, S. K.; Swager, T. M. Macromolecules 1999, 32, 1500.
13. Josefowicz, J. Y.; Maliszewskyj, N. C.; Idziak, S. H. J.; Heiney, P. A.; McCauley, J.
P.; Smith III, A. B. Science 1993, 260, 323.
14. Zhang, Q. T.; Tour, J. M. J. Am. Chem. Soc. 1997,119, 9624.
15. Ingands, O.; Salaneck, W. R.; Osterholm, J.-E.; Laakso, J. Synth. Met. 1988, 22, 395.
54
Chapter 2
Controlling Conformation and Spatial Arrangement
16. Turro, N. J. Modern Molecular Photochemistry; University Science Books, Sausalito,
CA, 1991.
17. Kloppenburg, L.; Jones, D.; Bunz, U. H. F. Macromolecules 1999, 32, 4194.
18. Miteva, T.; Palmer, L.; Kloppenburg, L.; Neher, D.; Bunz, U. H. F. Macromolecules
2000,33,652.
19. McQuade, D. T.; Kim, J.; Swager, T. M. J. Am. Chem. Soc. 2000, 122, 5885.
20. Kim, J.; McQuade, D. T.; McHugh, S. K.; Swager T. M. Angew. Chem. Int. Ed. 2000,
39, 3868.20.
21. Zhou, Q. & Swager, T. M. J. Am. Chem. Soc. 1995, 117, 12593.
55
Chapter 2
Supramolecular Assemblies: New Nano-structures
Chapter 3
Supramolecular Assemblies of Conjugated Polymers:
New Nano-structures
Precise control of conformation and spatial arrangement of poly(p-phenylene
ethynylene)s at the air-water interface is. discussed in the previous chapter. In this
chapter, Langmuir-Blodgett (LB) molecular processing of conjugated polymers [poly(p-
phenylene ethynylene)s] into highly aligned films will be discussed. Highly aligned films
required conditions for the formation of liquid crystalline monolayer that structurally
evolve into fibril aggregates. The structural requirements for poly(p-phenylene
ethynylene)s (PPEs) to display liquid crystalline phases capable of alignment by LB
methods were determined. The reconstruction of monolayers into fibril structures was
found to require a low glass transition temperature (Tg), weak anchoring, and a
monolayer with a high energy that can be stabilized by reorganization. This assembly of
polymers into aggregated structures produces rigid structural units analogous to naturally
occurring fibrous proteins such as collagen and elastin. These oriented, shape-persistent
nanoscale structures create new possibilities for the construction of complex
supramolecular structures, and this capability has been demonstrated by the formation of
a nanoscale grid.
Parts of this chapter appear in: Kim, J.; McHugh, S. K.; Swager, T. M. Macromolecules
1999, 32, 1500.
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3.1 Introduction
The creation of complex supramolecular structures at interfaces is central to many
emerging and established technologies.' Given that complex macroscopic structures
(buildings, bridges) are generally built from high-aspect rigid structural elements (beams,
trusses), it seems only natural to consider molecular analogues (rigid-rod polymers) for
the construction of complex supramolecular structures. However, there are many
persistent challenges for the organization of these molecular building blocks. Not the
least of these problems is that, although a simple chemical drawing would suggest a
perfect rod structure, rigid-rod polymers generally exhibit equilibrium flexibility and
finite persistence lengths.2 Nature achieves rigid shape-persistent structures not through a
single molecular chain but by the aggregation of molecular building blocks. Examples
include the fibrous proteins collagen and elastin,3 which are structure -nstituents of
biological tissues, and the RNA-templated aggregation of proteins that forms the
structure of the tobacco mosaic virus.
Molecular processing using the Langmuir-Blodgett (LB) deposition technique
represents a powerful method for the organization of rod-like polymers.4 I nder ideal
circumstances, a Langmuir layer at the air-water interface displays an isothermal phase
sequence as a function of surface pressure beginning with a 2-dimensional gas,
transforming to a 2-dimensional liquid, and finally to a 2-dimensional crystalline phase.
Compressed monolayers can be transferred to a substrate by controlled dipping at a
constant surface pressure. Previous LB studies of rigid-rod polymers with a nonpolar
"hairy-rod" structure have established that flow induced in the transfer of the monolayer
film to the substrate is responsible for the formation of anisotropic polymer films.5 This
ordering indicates that these monolayer films of rigid-rod polymers at the air-water
interface display nematic liquid crystalline order. These previous studies have been
restricted to hairy-rod polymers,s and therefore the structural requirements for the
formation of two-dimensional liquid crystalline phases of other polymer architectures
have yet to be systematically probed. In the case of a liquid crystalline Langmuir
monolayer, the materials should equilibrate rapidly after the application of a mechanical
perturbation. Stated differently, the monolayer should behave like an anisotropic liquid
when subjected to compression, expansions, or flow. The high aspect ratio of a rigid-rod
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polymer is conducive to the formation of liquid crystalline phases, but this structure can
also produce large enthalpic interactions between polymers in the form of -stacked
aggregates. To promote liquid crystalline behavior in any system, a delicate balance of
repulsive and attractive forces must be maintained.
nCrw CWONC.(HI.h O
--- I i - U v v
I = 1~~~
OC10H21 CdN(C8H1 7)2 O °-/NO%
1 2
The structure-property correlations of monolayers and multilayers formed from
conjugated poly(p-phenylene ethynylene)s should be explored to optimize the sensory
properties of the polymers. These materials have been shown to behave as exceptional
antennas for the transport of optical excitations over long distances6'7 and can also display
high electrical conductivities under carefully controlled conditions.8 In this chapter,
detailed behaviors of two surfactant poly(p-phenylene ethynylene)s, 1 (Mn = 13,940, PDI
= 3.2) and 2 (Mn = 81,200, PDI = 3.4)9 at the air-water interface and in LB films were
investigated. The studies are directed at establishing critical design principles for the
formation of liquid crystalline films at the air-water interface. An unexpected outcome of
the studies has been the observation that under selected conditions monolayers
reconstruct after deposition into highly anisotropic aggregated nanoscopic fibril
networks. These electronic polymer networks form structures only tens of nanometers in
diameter but give interconnected structures that have macroscale (centimeter) dimensions
along the fibril's axis. The special conditions required to achieve this assembly process
have been elucidated, and the power of this method is demonstrated in the construction of
nanoscale grids.
3.2 Results and Discussion
Polymers 1 and 2 showed very different behavior at the air-water interface. Neither 1
nor 2 are classical surfactants, which typically have charged headgroups, but they have
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structural components that can be ranked as more or less polar. The methoxy groups of 1
are the polar portion of the macromolecules, and the decyloxy groups constitute the
nonpolar tails. For 2, the dioctyl amide groups are decidedly less polar than the polyether
macrocycle. These different structural attributes lead to very different organization at the
air-water interface, a feature readily apparent from the pressure-area isotherms shown in
Figure 3.1. These studies reveal an extrapolated area of 32 A2 per repeating unit for 1, a
value much smaller than that observed for 2, which displays an area of about 210 A2 per
repeat.' ° This large difference is accounted for by considering that 1 organizes with the n-
plane perpendicular to the air-water interface, whereas 2 prefers to organize with the
plane of its aromatic rings parallel to the interface (Scheme 3.1). This orientation is
consistent with X-ray'" and ellipsometric analyses of multilayer films, which show a
linear incremental increase in the film thickness of 1 A per monolayer of 2 and a higher
thickness of 18 A per monolayer for 1. These differences also lead to contrasting film-
forming characteristics for 1 and 2. Visual inspection of Langmuir monolayers with a
polarized optical microscope reveals that 1 displays an aggregated structure prior to
compression. On the other hand, 2 appears to uniformly distribute over the entire surface
in a gas-like state prior to compression.
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Figure 3.1 Pressure-area isotherms of 1 and 2 at the air-water interface. The area per
molecule is determined from the extrapolated area. Compression-expansion cycles show
that multilayer films of 1 do not readily reassemble into monolayers, whereas films of 2
rapidly equilibrate into monolayer structures upon expansion.
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Scheme 3.1 Orientations of polymers 1 and 2.
Edge-on Face-on
18Al A At
Polymer 1 Polymer 2 Water
Other characteristics of the films also support the orientation in Scheme 3.1. For
example, 1 lacks compressibility as indicated by a steep slope of the pressure-area
isotherm, whereas films of 2 are very compressible. Additionally, 1 tolerates a higher
pressure (43 mN/m) before folding into multilayers than 2, which transforms to a
multilayer structure at pressures over 29 mN/m. These contrasting properties are the
result of different intermolecular interactions. Polymer 2's edge to edge interpolymer
contacts, which are between conformationally flexible alkyl and polyether chains, are
weak and easily deformed, whereas 1 is arranged in a rigid crystalline t-stacked
structure. The electronic spectrum also indicates differences in interchain interactions; the
absorptions Am, of 1 in solution phase at 449 nm shifts to 487 nm in monolayer
structures. 2 On the other hand, the absorption , of 2 is only slightly shifted from 424
nm in solution to 434 nm in monolayers (Chapter 4).
The degree of association between polymer chains and fee volume are critical
determinants of a polymer's dynamics. The differences in the dynamics of 1 and 2 are
readily evident when monolayers are compressed into multilayers, reexpanded, and then
subjected to recompression (Figure 3.1). For 1, multilayer formation is not reversible, and
the repeated compression showed a much smaller area per repeat unit. For 2, however,
expansion of multilayers regenerates a monolayer film. And the second compression
produces the same pressure-area isotherm. The pressure initially drops with expansion,
but this hysteresis in the pressure-area profile of 2 is independent of the compression-
expansion rate from 2 to 50 cm2/min and is therefore an artifact of the pressure
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measurement rather than true kinetic behavior. The differences in dynamics between the
two materials are also reflected in their glass transition temperatures (Tg), which were
184 and -3°C for 1 and 2, respectively.'3 Neither polymer displayed a melting transition
(DSC) up to a temperature of 250°C, suggesting the absence of any bulk crystalline
phase. Our investigations support that I displays a 2-dimensional crystal phase and that
compressed monolayers of 2 display a 2-dimensional liquid crystalline phase.
Alignment of the polymer monolayers can occur as a result of both anisotropic
compression and the flow generated during the transfer to a substrate. There is a natural
tendency of rigid rods to align perpendicular to the direction of compression and parallel
to lines of flow between the water and the substrate induced by dipping.'14 5 An
optimized deposition geometry (in a standard LB trough) places the plane of the substrate
parallel to the direction of compression because in this case the flow induced alignment
direction is coincident with the compression induced alignment direction (Figure 3.2).
The anisotropy is readily quantified by measuring the polarized optical absorption of
deposited films, because for both polymers the absorption at Xmax is polarized along the
polymer axis. The polymers always align parallel to the dipping direction and 10-layer
films of 1 exhibited a modest anisotropy (A1,/A =3.4), whereas 2 displayed higher values
(A,,/A1=6.3) comparable to films produced previously by the LB technique in carefully
optimized flow fields.5 Alternate orientation of the substrate plane normal to the direction
of compression produced films with lower optical anisotropies for 2 (Al,/A=I1.8 - 2.1).
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Figure 3.2 LB deposition geometry providing the best alignment. Anisotropic
compression of the 2-dimensional liquid crystalline film produces order that is further
enhanced by flow resulting from the dipping process.
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In this case, the polymers still aligned in the dipping directions, thereby indicating that
flow-induced alignment dominates.
The transfer of monolayers to a substrate in the LB method is determined by the
hydrophilic or hydrophobic nature of the substrate. A hydrophobic surface is required to
best deposit a monolayer on a single downward stroke. Alternatively, a monolayer can be
efficiently deposited with an upward stroke on a hydrophilic surface. In the former,
monolayers have only weak anchoring to the surface, but H-bonding interactions in the
latter produces strong anchoring (Scheme 3.2). The monolayers were deposited in a
compressed state at pressures below those at which the collapse to form multilayers
occurs, (20 and 18 mN/m for I and 2, respectively). Polymer I displays quantitative
transfer characteristics wherein a complete transfer is observed on the first downstroke of
a hydrophobic substrate,' 6 but after the initial upstroke, which is also quantitative to form
a bilayer structure, all other downstrokes resulted in less than a 10% transfer ratio.
Nevertheless, all subsequent upstrokes result in quantitative (>95%) transfer. The fact
that polymer 2 does not transfer significantly (<10%) on downstrokes following an
upstroke suggests that only a highly hydrophobic substrate will effect quantitative
transfer.
Scheme 3.2 Rearrangement into a nanofibril.
High surface energy
gw gjoB 4He.
9n I
Edge-view
Strong anchoring
Hydrophilic substrate
+ Re-arrangement
Hydrophobic substrate
Hydrophobic substrate
Atomic Force Microscopy (AFM) reveals a smooth, nearly featureless, structure for
the bare substrates and for all of the monolayer films except those wherein 2 is deposited
on a hydrophobic substrate (Figure 3.3). The latter were prepared with a single
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Figure 3.3 Atomic force images acquired in tapping mode (x, y, and z scale given) ol a
(a) bare I INDS-treated Si substrate: (h) monolayer ot'2 deposited with an upstroke onto
a hydrophilic suhstrait: (c) topological large area view; (d) three-dimensional view of
the reconstructed fibril structure from a monolaer ol12 deposited with a downstroke on
a hydrophobic substrate.
downstroke. thereby orienting the polar macrocvlic moieties outward. Close analysis of
the AFM images n igure 3.3 suggest that the "mountainous" fatures are not single
strand of polymer 2 hut aggregated fibrils 17 -- 30 nm in diameter. Tlhe most frequent
interfibril distance was determined by 2-D Fourier transtform analysis to be 20 nm. AFM
analysis of monolavers, wherein part of the film was physically removed from the surface
to provide a reference region of hare substrate. established that the -valley floors" are the
hare Si substrate. TIhe height of the mountainous features ranges from 1.6 to 2.6 nm, and
the most frequent value was 2.() nm. This value is about twice the thickness obtained by
the XRD) and ellipsometr) and is consistent with the model for reconstruction for the
monolayer (vide infra). In the case ot multilayer deposition. the first layer is not allowed
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to reconstruct because a second layer is deposited on the immediate upstroke. The fact
that there is no reconstructed structure in monolayer films of 2 prepared on a hydrophilic
substrate by a single upstroke, is a consequence of strong anchoring via hydrogen bonds
to the surface (Scheme 3.2). Additionally, 1 does not display a similar reconstruction
because its crystalline structure lacks mobility. Ihe degree of surface anchoring has been
confirmed with thermal annealing studies at 90 C as a function of time. These studies
show monolayers of 2 on hydrophobic substrates to decline more rapidly in electronic
anisotropy than do monolayers on hydrophilic substrates. Extended heating (7 days)
showed the former to transform to a droplet structure, whereas the latter remained planar
(Figure 3.4).
1.0W
0.75
0.50
0.25
0 0.25 0.50 0.75 1.00 Po l
Figure 3.4 Topological large area view of 2 deposited with a
downstroke on a hydrophobic substrate after 168 hrs of thermal
annealing at 90C.
Polar surfaces are high-energy species, and molecular dipoles at the air-water
interface can obtain lower energy structures by reorganizing in a way that produces a
more nonpolar surface. The high energy of the initial monolayer of 2 formed after
transfer to a hydrophobic surface is the driving force responsible for its reconstruction
into a fibrillar structure. The degree of hydrophobicity of the surfaces is a measure of
polarity and can be interrogated by contact-angle measurements. The virgin hydrophobic
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1,1,1,3,3,3-hexamethyldisilazane (HMDS) coated Si surfaces exhibit a contact angle of
108°. Consistent with the nonpolar structure of 1, its monolayers display a hydrophobic
character, 93° and 96°, when deposited on hydrophobic or hydrophilic substrates,
respectively. Monolayers of 2 deposited on hydrophilic substrates display a 63° contact
angle. Films of 2 deposited on hydrophobic substrates display a higher contact angle of
75° . It was initially surprising to find that the latter films, which should present the more
polar cyclophane groups, were less polar than those which should present the dioctyl
amides. This fact and consideration of the surface energy points to a surface
reconstruction in which the polar macrocycles are placed in the interior of the fibril with
the nonpolar side chains coating the exterior fibril surface (Scheme 3.2). Additional
studies of this reconstruction hypothesis are discussed in Chapter 4, which revealed that
the core of the nanofibrils is hydrophilic, consistent with the reconstruction model.
The ability to create nanoscopic aligned fibrils from conjugated polymers provides
new opportunities to realize the potential of rigid-rod polymers for the construction of
complex functional supramolecular architectures. As a first demonstration of this
principle, bilayer structures wherein two layers of fibrils are aligned in a perpendicular
arrangement to form a grid were prepared. These structures are fornled by first dipping a
hydrophobic substrate and removing the remaining Langmuir film while keeping the
substrate submerged. The substrate with a transferred polymer monolayer is then
removed from the LB apparatus, rotated 900, and then dipped downstroke through a fresh
Langmuir film. This rotation takes about 10 min, which appears to be adequate time for
the reconstruction of the first monolayer. A quantitative transfer (>95%) of the second
down stroke indicates that the fibrillar structure from the first monolayer has sufficient
hydrophobic character. Recall from contact angle measurements that the reconstructed
fibril surface displayed a greater hydrophobicity than films prepared on an upstroke,
which were ineffective at transferring a monolayer. The Langmuir film is again removed
with the substrate submerged. AFM of the resultant bilayer film shows (Figure 3.5) the
second monolayer to undergo a similar reconstruction into a fibril structure and thereby
produce a grid structure.
As can be seen in Figure 3.5 (b), the second layer, oriented horizontally, has its
highest elevation at the intersection between the fibrils. Given the low Tg of 2, one might
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expect the polymer chains to interdiffiuse at these intersections. However, the chain
alignment and the rigid-rod character of the polymers inhibit the interdiffusion of the
polymer's perpendicularly oriented fibrils. The 3-D view of the grid also shows that the
fibrils have effectively collapsed into the valleys created by the first fibril layer. The
individual molecules are flexible, and the polymers are not cross linked in the fibrils.
Hence, the structures have deformed to create a conformal arrangement. The nanoscale
pores extend to the bare surface and are on average rectangular in shape. This shape is a
result of the fact that the second monolayer tends to assemble into larger fibrils and
thereby produces a bigger spacing between fibers. Attempts to use 2-D Fourier
transforms to extract the characteristic length scales were unsuccessful. However, section
analysis of AFM images showed the first layer to have the same characteristic length
scale (ca. 20 nm) as was determined on the simple monolayer structure. Section analysis
of the second layer showed the fibrils to be wider (ca. 38 nm) and to have an average
interfibril spacing of 42 nm. This displacement of the polymer chains, is likely the result
of a higher mobility of the second layer provided by a reduction in the number of surface
contacts that the polymer fibrils exhibits.
(a) (
Figure 3.5 Atomic force images acquired in tapping mode (x, y, and z scale given) of
three-dimensional grid patterns described in the text. (a) topological view (1 x 1 mrn),
(b) Three-dimensional view (250 x 250 x 20 nm).
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3.3 Experimental
3.3.1 General methods
Air- and moisture-sensitive reactions were carried out in flame-dried glassware using
standard Schlenk line or drybox techniques under an inert atmosphere of dry argon. All
chemicals used were of reagent grade and were purchased from Aldrich unless otherwise
noted. Anhydrous toluene was used from Aldrich Kilo-lab metal cylinders. CH2C12 and
THF were used directly from Aldrich Sure-seal bottles. Diisopropylamine was distilled
over KOH and degassed by three freeze-pump-thaw cycles. Tetrakis-
(triphenyphosphine)palladium (0) and trans-dichlorobis(triphenylphosphine)palladium
(11) were purchased from Strem chemicals and used as received. Trimethylsilylacetylene
(TMSA) was purchased from Farchan Laboratories and used as received. Polymer 2 was
prepared by the literature procedure.'7 'H NMR spectra were acquire at 250 or 300
MHz, and '3C NMR spectra were obtained on a 500 MHz (125.66 MHz '3C)
spectrometer. H and 13C NMR spectra were obtained in CDCI3 with H chemical shifts
reported relative to internal tetramethylsilane (0.00 ppm) and 3C chemical shifts reported
relative to CDCI3 (77.00 ppm).
Polymer molecular weights were determined with a Hewlett-Packard 1100 series
HPLC equipped with a PL gel mixed-C column (5 Ai) using THF as the mobile phase at a
rate of I mL/min. Gel permeation chromatography (GPC) measurements were made
relative to monodisperse polystyrene standards purchased from Polymer Laboratories. It
is important to note that for rigid-rod polymers this technique often overestimates the
molecular weight higher than the actual value. UV-Vis spectra were obtained on a
Hewlett-Packard 8453 diode array spectrophotometer. IR measurements were performed
with a Nicolet Impact 410 FT-IR spectrometer. A Nima 601M model LB trough (Aspect
ratio 2:1 length:width) equipped with a vertical dipping mechanism was used for all
depositions and analytical studies. Water in the subphase was purified with a Barnstead
Nanopure system and had a conductivity of 18.3 MQ. Substrates were 18 x 18 mm glass
microscope cover slides or 15 x 18 mm pieces of a silicon wafer. All substrates were
sonicated in a detergent solution for 20 min, rinsed twice with subphase quality water,
and then sonicated twice with subphase quality water for 20 min. After sonication, the
substrates were dried with hot air and further dried for 2 hrs under high vacuum. To give
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the substrate a hydrophobic surface property,.,the purified substrates were left in a sealed
chamber with HMDS (Aldrich, 99.9%) for 12 hrs and then stored under vacuum. For
hydrophilic surfaces, the pretreated substrates were sonicated in concentrated nitric acid
for 20 min, and then washed twice with subphase quality water before being sonicated in
a 5 mM solution of sodium hydroxide for 20 min. These hydrophilic substrates were then
subjected to a double rinse with subphase quality water and dried under high vacuum.
Polymer solutions in chloroform (mg/mL) were spread on the air-water interface. After
2 - 3 min were allowed for the evaporation of the solvent, the monolayer was compressed
by two barriers with a constant speed of 25 cm2/min until a target pressure was attained.
The monolayers were annealed by three subsequent cycles of expansion and
compression. Monolayers were then transferred to the substrate at a dipping speed of 10
mm/min while the target pressure was held constant. The resulting LB films were dried
under vacuum for about 1 hr prior to characterization.
The AFM images were recorded using tapping mode on a Nanoscope III from Digital
Instruments, Inc. The thickness measurement for multilayer LB films was done using a
laser operating at 633 nm with an ellipsometer from Gaertner Scientific Corporation. The
thickness of three film locations were determined and averaged. Advancing contact
angles were measured by adding water very slowly to a water drop on the LB films using
a Video Contact Angle System 2000 from Advanced Surface Technology, Inc. Contact
angles of three film locations were averaged. The XRD thickness measurements were
performed using Rigaku RU 300. The data were obtained by using a wavelength of 1.54
A from a Cu anode. The Kiessig fringes from multilayers were obtained, and the
thickness per layer was calculated from the number of layers.
3.3.2 Synthesis and Characterization
The synthesis of polymer I begins with commercially available p-methoxyphenol in a
Williamson ether synthesis with -bromodecane to give p-declyoxyanisole in 95% yield
(Scheme 3.3). Standard iodination procedures gave 2,5-diiodo-4-decyloxyanisole in 81%
yield. The coupling of 2 eq. of trimethylsilylacetylene with the diiodide using a
palladium(II) catalyst produced 3 (62%), which was then converted to the terminal
acetylene 4 (67%) using a catalytic amount of 40% aqueous KOH solution in a
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tetrahydrofuran and methanol mixture. The coupling of 4 with 2,5-diiodo-4-
decyloxyanisole using tetrakis(triphenylphosphine)palladium afforded the rigid-rod
polymer 1. It was necessary to use an offset stoichiometry (0.9 diiodide to 1.0
diacetylene) to obtain polymers of lower molecular weight. Initial reactions using the
standard I equiv of diiodide to 1.0 - 1.03 eq. of diacetylene gave insoluble polymers.
Scheme 3.3 The synthesis of polymer 1.
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p-Decyloxyanisole. A 1L, three-necked round bottomed flask equipped with a stir bar
and a condenser was charged with p-methoxyphenol (32.98 g, 0.27 mol, 0.98 eq), l-
bromodecane (56.25 mL, 0.27 mol, 1 eq.), potassium hydroxide (30.79 g, 0.55 mol, 2
eq.), potassium iodide (5.86 g, 40 mmol, 0.13 eq) and 2-butanone (500 mL). The
reaction mixture was heated to reflux for 24 hrs. After being cooled to room temperature,
the mixture was partitioned between diethyl ether (750 mL) and water (500 mL). The
organic layer was separated, washed sequentially with saturated aqueous NH4CI (2 x 500
mL) and water (500 mL), dried (MgSO4), and concentrated in vacuo. Recrystallization
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from THF-MeOH afforded p-decyloxyanisole as large white plates (68.10 g, 95%, mp 49
- 50 °C). 'H NMR (300 MHz, CDC13) 8 6.83 (s, 4H), 3.89 (t, J = 6.6 Hz, 2H), 3.76 (s,
3H), 1.75 (qn, J = 6.6 Hz, 2H), 1.5-1.2 (br m, 14H), 0.88 (t, J= 6.9 Hz, 3H); 3C NMR
(125 MHz, CDCl 3) 8 153.83, 153.50, 115.57, 114.76, 68.81, 55.85, 32.11, 29.81, 29.78,
29.64, 29.61, 29.54, 26.28, 22.89, 14.31; IR (KBr, cm') 2955, 2919, 2850, 1513, 1243.
Anal. Calcd (C17 H280 2): C, 77.22; H, 10.67. Found: C, 77.47; H, 10.49.
2,5-Diiodo-4-decyloxyanisole. A 3L, three-necked round-bottomed flask equipped
with a stir bar and a condenser was charged with p-decyloxyanisole (30.79 g, 0.12 mol, 1
eq.), potassium iodate (10.00 g, 50 mmol, 0.41 eq.), and iodine (32.60 g, 0.13 mol, 1.11
eq.). Glacial acetic acid (1200 mL), concentrated sulfuric acid (12 mL), and water (120
mrnL) were added, and the mixture heated to reflux for 2 days. After cooling to room
temperature, excess iodine was quenched with 10% aqueous Na2S20 4 (500 mL). The
resulting mixture was further diluted with water (500 mL), filtered, and the solid
dissolved in CH2CI2 (750 mL). The organic layer was washed sequentially with 10%
aqueous Na2S 204 (100 mL) and saturated aqueous NaCI (100 mL), and then dried
(MgSO4), and concentrated in vacuo. Recrystallization from CH2CI2-MeOH afforded
2,5-diiodo-4-decyloxyanisole as white needles (48.60 g, 81%, mp 56.5 - 57.5 C). 'H
NMR (250 MHz, CDCI3) 5 7.19 (s, IH), 7.18 (s, IH), 3.93 (t, J= 6.4 Hz, 2H), 3.82 (s,
3H), 1.80 (qn, J= 8.1 Hz, 2H), 1.55-1.20 (br m, 14H), 0.88 (t, J= 6.3 Hz, 3H); 3C NMR
(125 MHz, CDC13) 8 153.17, 152.92, 122.88, 121.44, 86.34, 85.41, 70.34, 57.13, 31.86,
29.51, 29.50, 29.28, 29.24, 29.11, 25.99, 22.65, 14.09; IR (KBr, cm-') 2962, 2919, 2849,
1485, 1215. Anal. Calcd (CI7 H26 0212): C, 39.56; H, 5.08. Found: C, 39.49; H, 5.22.
2,5-Bis-[(trimethylsilyl)ethynyl-4-decyloxyanisole (3). A 250 mL Schlenk flask
equipped with a stir bar was charged with 2,5-diiodo-4-decyloxyanisole (20.00 g, 40
mmol, I eq.), trans-dichlorobis(triphenylphosphine)palladium (II) (0.82 g, 1.20 mmol,
0.03 eq.), and copper(I)iodide (0.46 g, 2.4 mmol, 0.06 eq.). The flask was placed under
argon, and then toluene (250 mL) and diisopropylamine (14.0 mL, 0.10 mol, 2.5 eq.)
were successively added by syringe. The deep red solution was treated with
(trimethylsilyl)acetylene (13.0 mL, 90 mmol, 2.2 eq.), and stirred for 48 hrs at room
temperature. The black mixture was concentrated in vacuo, and the residue dissolved in
hexanes. The hexanes solution was filtered through a 1" plug of silica gel and eluted with
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chloroform. The solvent from the filtrate was once again evaporated and the resulting
solid recrystallized (methanol) to afford 3 as yellow needles (11.05 g, 62%, mp 72 - 73
0C). H NMR (250 MHz, CDC13) 8 6.91 (s, H), 6.89 (s, 1H), 3.95 (t, J = 6.3 Hz, 2H),
3.83 (s, 3H), 1. Hz, 2H), 1.50-1.15 (br m, 14H), 0.88 (t, J= 6.9 Hz, 3H), 0.27 (s, 18H);
'
3C NMR (125 MHz, CDCI 3) 8 154.14, 154.07, 117.83, 113.39, 101.01, 100.90, 100.18,
100.15, 69.49, 56.36, 31.86, 29.61. 29.56, 29.40, 29.35, 29.30, 26.00, 22.65, 14.07, -0.02,
-0.07; IR (KBr, cm') 2956, 2923, 2858, 2152,1497, 1225, 841. Anal. Calcd (C27
H4402Si2): C, 70.99; H, 9.71. Found: C, 70.65; H, 9.73.
2,5-Diethynyl4-decyloxyanisole (4). A 250 mL round bottomed flask equipped
with a stir bar was charged with 2,5-bis((trimethylsilyl)ethynyl)-l-methoxy-4-
decyloxybenzene (3) (5.14g, 10 mmol), THF (40 mL) and methanol (20 mL). The flask
was capped and argon was bubbled through the solution for 30 min. The reaction
mixture was treated with an oxygen-free 40% aqueous KOH solution (2 mL), stirred for
19 hrs, and then poured into hexanes (200 mL). The organic solution was washed with
water (3 x 100 mL), and then dried (MgSO4 ), and concentrated in vacuo. The resulting
residue was dissolved in hexanes- CH2C12 (1:1) and filtered through a 1" plug of silica
gel. The filtrate was once again concentrated in vacuo, and the resulting solid
recrystallized from hexanes to afford 4 as light yellow needles (2.36 g, 67%, mp 64.5 -
65.5 C). 'H NMR (250 MHz, CDCI3) 8 6.97 (s, 1H), 6.96 (s, H), 3.98 (t, J = 6.7 Hz,
2H), 3.86 (s, 3H), 3.39 (s, 1H), 3.35 (s, IH), 1.81 (qn, J= 7.9 Hz, 2H), 1.53-1.12 (br m,
14H), 0.88 (t, J= 6.9 Hz, 3H); 13C NMR (125 MHz, CDC13) 8 154.31, 154.07, 117.95,
115.98, 113.37, 112.55, 82.55, 82.52, 79.70, 69.70, 56.35, 31.88, 29.54, 29.51, 29.30,
29.11, 25.87, 22.65, 14.08; IR (KBr, cm ' ) 3279, 2925, 2849, 1488, 1216. Anal. Calcd
(C2, H2802): C, 80.73; H, 9.03. Found: C, 81.02; H, 9.29.
Polymer 1. A 25 mL Schlenk flask equipped with a stir bar was charged with 2,5-
diiodo-4-decyloxyanisole (200 mg, 0.39 mmol, I eq.), 2,5-diethynyl-4-decyloxyanisole
(4) (0.107 g, 0.34 mmol, 0.9 eq.), and copper(I) iodide (5.5 mg, 29 munol, 0.06 eq.). The
flask was placed under argon, and tetrakis(triphenylphosphine)palladium (0) (15 mg, 13
pmol, 0.03 eq.) was added under a nitrogen atmosphere. Diisopropylamine (1.25 mL, 8.9
mmol, 23 eq.) and toluene (3.5 mL) were successively added by syringe, and the mixture
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stirred at room temperature for 30 min. The fluorescent yellow mixture was heated to 60
°C, stirred for 14 h, and then cooled to room temperature. The resulting polymer was
precipitated in acetone (100 mL), filtered, and rinsed with hot ethanol and hexanes, to
afford I as an amorphous yellow solid (141 mg, 63%). 'H NMR (250 MHz, CDC13 ) 8
7.05 (m, 2H), 4.05 (br m, 2H), 3.92 (m, 3H), 1.86 (m, 2H), 1.52 (m, 2H), 1.41-1.08 (br,
12H), 0.87 (t, J= 6.6 Hz, 3H); 13C NMR (125 MHz, CDC13) 8 (including low intensity
peaks corresponding to end groups) 153.92, 153.85, 153.72, 153.55, 117.52, 117.33,
115.5-115.1, 91.8-91.2, 69.78, 69.74, 69.68, 69.64, 56.52, 56.46, 56.39, 31.90, 29.69-
29.57, 29.51-29.41, 29.40-29.28, 26.03, 26.01, 25.98, 25.95, 29.67, 14.09; GPC: Mw =
44,818; Mn = 13,940; PDI = 3.2.
3.4 Conclusions
A new effective method to make highly aligned conjugated polymer films was
studied by combining the Langmuir Blodgett technique and designed liquid crystalline
poly(p-phenylene ethylene)s. Monolayers of polymer 2 transferred to a hydrophobic
substrate were constructed into rod-like nanofibrils to minimize surface energy. By
manipulating the deposition direction of the polymer, a molecular mesh in which the
second layer of nanofibrils is oriented orthogonal to the first nanofibril layer was
fabricated, demonstrating the power of this new method to make structurally well-defined
conjugated polymer films. Assemblies of electronically active polymers as shown here
offer a number of opportunities in supramolecular science.18 Tailor-made supramolecular
nanoscopic structures are of interest for size selection of large biological molecules,
chemical sensors, and molecular electronics. The incorporation of biological receptors or
ligands into similar conjugated polymers can induce the docking of biomolecules in the
subphase for the creation of new postdeposition structures or environments. Hybrid
monolayer and multilayer assemblies are likely to reveal a host of new structures.
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Chapter 4
Controlled Superstructures of Poly(p-phenylene ethynylene)s
and Their Photophysical Properties
This chapter presents the relationship between the spatial arrangement and the
photophysical properties of fluorescent polymers in thin films processed by Langmuir-Blodgett
(LB) deposition. Eight surfactant poly(p-phenylene ethynylene)s, which can be categorized into
two groups according to their chemical compositions, were studied. These detailed studies have
revealed the structure-property relationships of the polymers at the air-water interface, and the
photophysical properties of their transferred LB films. A first group of polymers displayed n
aggregates produced from an edge-on structure at the air-water interface. Monolayer LB films of
these polymers showed greatly reduced quantum yields relative to solution values. On the other
hand, polymers in the second group exhibit face-on structures at the air-water interface that do
not have nt aggregation and therefore have high quantum yields. The combination of pressure-
area isotherms and the surface pressure dependent in situ UV-Vis spectra of the polymers at the
air-water interface revealed different behaviors. In addition, by conducting measurements of the
UV-Vis spectra, fluorescence spectra, and quantum yields of the LB films design principles for
making highly fluorescent films have been established.
Parts of this chapter appear in: Kim, J.; Levitsky, I. A.; McQuade, D. T.; Sager, T. M.
manuscript in preparation.
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4.1 Introduction
A comprehensive understanding of the electronic states of conjugated polymers is pivotal to
the continued development of these materials. In general, the electronic structure of isolated
chains is well understood and is readily approximated by oligomeric compounds due to the
limited effective chromophore dimensions in these materials. However, there is invariably
electronic coupling between polymer chains, and these secondary interactions often dominate a
material's redox potential, bandgap, fluorescence efficiency, and electrical energy transport.'2 3
The transport properties of conjugated polymers, their most interesting feature, are extremely
sensitive to interpolymer interactions. This fact follows from the necessity of transfer of charge
or excitations between polymer chains in these processes.
Much of the technological promise of conjugated polymers as electroluminescent displays,4
organic lasers,5 '6'7 and sensors8 9 '10X11 rests on their emissive properties. A common goal of many
researchers is to understand the factors that control a polymer's absorption and emission spectra,
quantum yields, emission lifetimes, and dynamics of energy transport. The role of the subunits
that comprise the polymer's chromophore are well understood, however, interchain interactions
have less predictable consequences. Strong interpolymer interactions can give rise to distinct
red-shifts in the absorption spectra and generally produce less emissive (quenched)
materials.'2'1 3 14'15 It is generally assumed that polymers prefer to organize with cofacial 
interactions, and many structural studies support this fact.' 6' 7,'8 The role of alternative
aggregated states is yet to be interrogated. Greater understanding of chain-chain interactions in
conjugated polymers is clearly necessary to reveal under which circumstances these interactions
will lead to an emissive or quenched material. Even greater fidelity is required to understand the
circumstances, wherein proximal chain-chain interactions can lead to excited state aggregation
and produce strong exciplex emissions.
The deconvolution of the role of intramolecular conformation and interchain interactions on a
polymer's emission has remained elusive in most systems. Investigations are best performed
when organized assemblies of pol)ymers can be prepared with predictable or manipulatable
conformations and intermolecular interactions. In this regard, combination of surfactant polymer
design and the Langmuir-Blodgett (LB) technique'9 is very useful. Surfactant poly(p-phenylene
ethynylene)s have been recently synthesized and used for LB technique to create spatially well-
defined Langmuir films (Chapter 2).20 In Chapter 2, three specific geometries were identified.
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The first involves cofacial organization in the a plane with the air-water interface, referred to as
the face-on structure. The second geometry wherein the plane of the conjugated n system lies
normal to the air-water interface is referred to as the edge-on structure. The third one is the
zipper structure, alternating face-on and edge-on structures. In Chapter 3,21 it was determined
that the face-on structure provided a dynamic phase with liquid crystalline characteristics at the
air-water interface and was readily transferred to a support to give highly aligned materials. The
edge-on structure gives crystalline aggregates on the LB trough that are not amendable to
organization by flow fields or anisotropic compression. Nevertheless, these edge-on structures
represent an ideal situation for the organization of materials into well-defined cofacial 
aggregated structures. In both cases, the structures can be manipulated by applying pressure with
the LB trough. This exquisite structural control, as well as the ability to transfer materials
monolayer by monolayer, provides the most controlled preparation of conjugated polymer
assemblies to date.
Continuing interest in conjugated polymers for the amplification of sensory signals requires
further optimization of their transport properties. Within this framework, many factors need be
considered. Strong electronic coupling between polymer chains has the prospect to increase
intermolecular energy transfer. However, strong intermolecular interactions can also produce
quenching which lowers the lifetime of the excited state and reduces the ability of the system to
produce amplification in a sensor scheme. Chain alignment also plays an important role. Frster
energy transfer is highly dependent upon the coincidence of transition dipoles between donors
and acceptor chromophores (Chapters 1 and 6).22.
The LB method also creates an extraordinary venue for investigations directed at interfacing
conjugated polymers with water-soluble elements, and thereby establishes a firm foundation
from which to construct novel biosensory materials. Within this paper, a broad class of poly(p-
phenylene ethynylene)s with surfactant characteristics has been studied. The scope of structures
that displayed edge-on or face-on structures have been broadened and conditions wherein the
applied pressure can manipulate the chromophore at the air-water interface have been
discovered. The approaches described in this chapter have broad applicability to a range of
conjugated polymer structures and illustrate the utility of LB techniques for the elucidation of the
structure-property relationships in conjugated polymer films.
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Scheme 4.1 Chemical structures of edge-on and face-on polymers.
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4.2 Results and Discussion
4.2.1 Behavior of Polymers at the Air-water Interface
It has been shown in Chapter 3 that poly(p-phenylene ethynylene)s adopt different
geometries at the air-water interface depending on their chemical composition.2 ' The eight
poly(p-phenylene ethynylene)s investigated in this chapter can be classified as having a facial or
edge surfactant structure (Scheme 4.1) Polymers 1, 2, and 3 have the edge-on structure at the
air-water interface due to the presence of hydrophilic groups on only one side of the phenyl
rings. Polymers 4 - 8 comprise a second group that have a face-on structure with a symmetric
para disubstituted distribution of side groups.
The pressure-area isotherms of polymers 1 - 8 at the air-water interface confirm our
assertions of the polymers' orientational preferences (Figure 4.1). The extrapolated areas per
phenylene ethynylene group for polymers 1, 2, and 3 range from 32 to 37 A2 . 24 Combining this
area with one phenylene ethynylene unit length of 7 A provides the average distance between
polymer main chains of 4.6 to 4.9 A for an edge-on structure. In contrast, polymers 4 - 8 exhibit
area of 175 to 230 A2 per each repeating unit which has two phenylene ethynylene units.
Considering a face-on structure, a distance between adjacent main chain acetylene carbons is
calculated to be 12.1 to 16.4 A. The sustainable maximum pressure above which monolayers
fold into multilayers was approximately 40 mN/m for the edge-on polymers, a value 10 mNi/m
higher than those for the face-on polymers. It is intuitive that the edge-on structure, which
provides a larger contact area between polymers, sustains a larger surface pressure than the face-
on organization. One would expect a similar behavior for macroscopic objects such as boards
organized in two-dimensions with a vertical (edge-on) or horizontal (face-on) structure. The
steep slopes of the P-A isotherms of the first group polymers also indicates the expected low
compressibility associated with the edge-on structure. Consistently, the in situ absorption X of
the edge-on polymers at the air-water interface is essentially constant during compression
because there is no perturbation of the polymers conformation or the interpolymer -7t
interactions (Figure 4.2).
The folding of monolayers of polymers 1 and 3 into multilayers is irreversible because of
their tight X aggregation and essentially 2-D crystalline nature. In contrast, polymer 2 shows
complete reversibility in its pressure-area isotherm. The hysteresis in the isotherm, which is
independent of the compression rate, is from the small amount overflow of the subphase water
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Figure 4.1 Pressure-area isotherms
of polymers.
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Figure 4.2 Surface pressure dependent in situ
UV-Vis spectra of polymers 1 - 8 at the
air-water interface. The UV-Vis spectra of
polymers 2 and 4 - 8 are completely reversible
upon cycles of compression and expansion.
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over the LB trough during compression due to a surface tension drop caused by the coating of
polymer 2 on both edges of Teflon trough. All face-on polymers show reversibility in their
pressure-area isotherms due to their dynamic liquid crystalline nature.2 Polymer 5 has the same
1,4-bis(N,N-dioctylcarbamoyl)phenyl group as 4 but a smaller macrocycle in its repeating unit.
The difference between extrapolated area per repeating unit of 4 and 5, 210 and 175 A2
respectively, provides insight into the arrangement of adjacent polymers at the air-water
interface. To achieve the minimum area arrangement in two-dimensions, the bulkier 1,4-
bis(N,N-dioctylcarbamoyl)phenyl repeating unit likely are positioned next to a macrocycle
containing unit of adjacent chains to give an interdigitated structure.
As mentioned earlier, the face-on polymers can be folded into multilayers. The area per
repeating units at which this occurs is similar for polymers 4 - 7 (125 - 140 A2 ) but is much
smaller for polymer 8 (90 A 2). This is because the monolayer of polymer 8 is more compressible
than the other face-on polymers. As discussed in Chapter 2, an explanation is that the main
chain phenyl rings of polymers 4 - 7 maintain a face-on structure until the monolayers fold into
multilayers at 30 mN/m. However, polymer 8 undergoes a two-stage transformation. It begins
in the face-on structure, but as it is compressed, the orientation of the I -((triethylene glycol
monomethyl ether)oxy)-4-decyloxyphenylene groups, which have surfactant characteristics,
rotate to an edge-on structure. The reluctance of the hydrophobic repeating group to adapt an
edge-on structure produces an intermediate structure with alternating edge-on and face-on
residues, which we have referred as the zipper structure.20 Therefore, the first slope of 8's P-A
isotherm is smaller than those of the other face-on polymers. After an intermediate (ca. 16
mN/m) transition point, the polymers become less compressible with a steep slope until the
monolayers fold into multilayers at 30 mN/m. Two different molecular weight of polymer 8
were synthesized. One is the polymer with lower molecular weight (Mn=16,700) that is used for
this chapter, and the other one used for Chapter 2 has higher molecular weight (M=293,000) and
presumably without diacetylene imperfections. The lower molecular po'ymer shows less featured
PA-isotherm and lower maximum surface pressure (30 vs. 37 mN/m) compared to the higher
molecular weight one because chain ends and diacetylene imperfection would disrupt the
interlocking zipper structure. The UV-Vis spectra versus surface pressure of the Langmuir
polymer films are also in good agreement with our explanation of the conformational transition
from a face-on to a zipper structure. At the air-water interface the face-on polymers have a
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Figure 43 UV-Vis spectra of polymers 1 -
8 in solution and in LB films. All LB films
are monolayers on a hydrophobic substrate
unless otherwise noted.
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preferential flat geometry, so conjugation length would be maximized. The in situ UV-Vis
spectra of the face-on polymers at the air-water interface were red-shifted about 30 nm from
these in solution, showing surface induced conjugation length increase (Figure 4.2).252627 The
absorption X, of polymers 4 - 7 are blue-shifted and the shape of the spectra becomes less
structured during the compression (Figure 4.2). This is likely due to the disturbance of the n-n
conjugation system, also creating a more heterogeneous distribution of conjugation lengths,
resulting from the compression of the side chains. The case of polymer 8 is again different and
the absorption 4ma, blue-shifts as much as 37 nm above the point where a zipper structure is
proposed.
4.2.2 Structured LB Films and their Ground and Excited States
Both of the edge-on and the face-on Langmnuir films were transferred onto hydrophobic and
hydrophilic substrates. The transfer ratios at a surface pressure of 20 mN/m for polymers I - 3
were quantitative (>95%) for both upstrokes and downstrokes. However, the transfer ratios of
the downstrokes for polymers 4 - 8 depended on the area per repeating unit rather than on the
surface pressure. For example, the second downstroke transfer ratios of polymer 4 at 18 mN/m
were negligible (<10%). In contrast the second downstroke for polymer 5 at the same surface
gave an 80% transfer ratio. The area/repeating unit of polymer 4 at 18 mN/m is 175 A2, while
that of polymer 5 is 145 A2. Therefore, the hydrophobic octyl side chains of polymer 5 are more
compressed than those of polymer 4, which leads to greater extension of the chains from the
surface and a more hydrophobic surface with better transfer ratios. This effect is confirmed by
transferring polymer 4 at an area per repeating unit of 145 A2, and the second downstroke
transfer ratio was greater than 80%.
The effects of the spatial arrangement on the electronic ground states are revealed in the
absorption spectra of the polymers' LB films shown in Figure 4.3 as well as in the in situ
absorption spectra of polymers' Langmuir films at the air-water interface shown in Figure 4.2.
As mentioned earlier, the edge-on structure gives crystalline aggregates at the onset. Therefore,
Langmuir and LB films of the edge-on polymers show a new red-shifted absorption t,, that is
30 - 40 nmn to the red of the solution values. After monolayers fold into multilayers, the in situ
absorption maxima remain unchanged, indicating that the aggregates are formed in a monolayer
state. Three spin-cast films of a mixture of polymer 1 and poly(methylmethacrylate) (PMMA)
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with different weight ratios from 10i/1 to 10'/l (polymer 1/PMMA) were prepared to reveal the
origin of spectra. As the concentration of polymer 1 increased in these films, the intensity of the
higher wavelength absorption increased and is further red-shifted. These results support an
aggregation mechanism (Figure 4.4). Strong intermolecular n-stacking interaction promoted by
the edge-on geometry provides the basis for aggregation. The broad peak at ca. 450 nm is
similar to the solution spectra and represents a distribution of conjugation lengths. The sharper
nature of the new aggregation peak is the result of the highly planar structure required for
aggregation. Therefore, the presence of these two peaks in absorption spectra of the
PMMA/Polymer 1 films indicates the coexistence of monomer-like and aggregated regions in the
film. 282 9
8
I3
2
.0
z
350 400 450 500
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Figure 4.4 UV-Vis spectra of polymer I/PMMA (weight ratio) spin cast films.
The analysis of the fluorescence spectra provides additional information about the
relationship between excitation characteristics and film structure. The fluorescence spectra of
monolayer LB films of the aggregated edge-on polymers I - 3 clearly demonstrate that all
emission eminates from the aggregated excited states. Figure 4.5 (a) shows the fluorescence
spectra of polymer I in solution, in spin cast films with PMMA, and in monolayer LB films. As
the concentration of polymer I in PMMA matrix increased, the short wavelength (solution-like)
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Figure 4.5 Fluorescence spectra of polymer I (a) normalized spectra in various
environments, (b) in B at different excitation wavelength. The mass ratio of (polymer
I/PMMA) in A = 10''/1, B = 102/1, C = 10-3/1, respectively.
peak disappears and a long wavelength peak grows in, thereby indicating the formation of
aggregates. Excitation at different wavelengths resulted in a redistribution of the intensity
between the 458 nm and 490 nm peaks (Figure 4.5 (b)), proving that these two peaks belong to
different excited and ground states. Therefore, we can exclude excimer species. In the case of
polymer 1, the fluorescence peak of the aggregates in PMMA films perfectly matched the first
fluorescence band of the LB film. Similar trends were found for polymers 2 and 3 when the
same fluorescence experiments were performed. Therefore, It is concluded that the edge-on
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polymers have both solution-like and aggregated regions. This latter result is due to a fast
energy migration from solution-like regions to the aggregated regions that have lower energy and
act as excitation traps.28 9 Therefore, the quantum yields of xr aggregates are low due to efficient
self-quenching which is typical of most conjugated polymers.
The face-on polymers can have different absorption spectra depending on whether their LB
films are transferred onto a hydrophobic or a hydrophilic substrate (Figure 4.3). These results
are in accord with the previous investigations and are related to the structural differences and
dynamics of the transferred films.2 1 We previously reported that monolayers of polymer 4 on a
hydrophilic substrate maintain their LB film geometry that resembles a "hardwood floor".21 This
structure is highly stable due to favorable strong anchoring interactions between the polar surface
and the oxygen moieties in the polymer. In contrast, a monolayer of polymer 4 on a weak
anchoring hydrophobic substrate reconstructs into nanofibrils to relieve the high surface energy
created by the presnce of the polar oxyethyl macrocycles at the surface. The nanofibril were
observed for structures for polymers 5 - 8 when monolayers are transferred to hydrophobic
substrates. In the case of monolayer films of face-on polymers transferred to hydrophilic
substrates maintain the flat hardwood floor geometry and no aggregate peaks are observed. In
the case of weakly anchored monolayer films on hydrophobic substrates, the formation of an
aggregation peak depends on the structure of the hydrophilic repeating group. LB films of
macrocycle containing polymers 4 and 5 display solution-like absorption spectra on both
hydrophobic and hydrophilic substrates. These spectra are slightly red-shifted from these in
solution due to an increase in conjugation length imposed by the surface. The macrocycles in 4
and 5 prevent aggregation in the nanofibrils and multilayers by blocking n-aggregation on one
face of the aromatic ring. These macrocycles also block aggregation at the air-water interface as
revealed by in situ absorption spectra of multilayers of polymers 4 and 5, which did not show
any aggregation peak or spectral shifts relative to monolayer (Figure 4.2).
Polymers 6 and 8 have acyclic polar residues, and the in situ absorption spectra of their
Langmuir films showed an aggregation peak after folding the monolayers into multilayers
(Figure 4.2). Due to their reversible pressure-area isotherms, removing surface pressure
reestablished the monolayer spectra and the aggregation peaks were absent. These polymers
were reconstructed to give nanofibrils on hydrophobic substrates and also showed additional
aggregation peaks at longer wavelengths, 464 and 467 run, respectively, value about 50 nm red
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to their solution ;XAr. Interestingly, the aggregation phenomenon in these films is also
reversible. Dipping a nanofibril film of 6 in water produces the de-aggregated structure and
solution-like UV-Vis spectrum and the aggregated form is reestablished with drying. Since the
cores of the nanofibrils are hydrophilic, water is absorbed into the fibrils, thereby diminishing
intermolecular interactions between polymers. Consistently, hydrophobic solvents are not
absorbed into the fibrils and the same films retain the aggregation peaks upon dipping in hexane.
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Figure 4.6 Polarized UV-Vis spectra of (a) polymer 6 and (b) polymer 7.
The polarized UV-Vis spectra of nanofibril films of polymers 6 and 7 in Figure 4.6 show
interesting phenomena. For polymer 6, the aggregation peak at 464 nm in the polarized UV-Vis
spectrum parallel to the direction of polymer alignment is bigger than the peak at 438 nm.
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However, the intensity of the aggregation peak in perpendicularly polarized spectra is smaller
relative to the 438 nm band, indicating that the aggregated regions are better aligned along the
dipping direction than non-aggregated regions. This result is intuitive because coincident
alignment should promote aggregation.
Polymer 7, which like 6 lacks macrocycles, stands out because films nanofibrils formed on
substrates do not show recognizable aggregation peaks in its absorption spectrum. Therefore, it
appears that the hydroxyl groups play an important role in reducing intermolecular interactions
in the nanofibrils, perhaps by retaining water molecules in the cores of the nanofibrils.
Multilayer Langmuir films of polymer 7 at the air-water interface also do not show additional
aggregation peaks (Figure 4.2). However, transferred multilayer LB films of polymer 7 show
aggregation peaks that increase with dehydration in vacuum. As shown in Fig. 4.6 (b), these
multilayer films show an aggregate absorption.
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Figure 4.7 Fluorescence spectra of polymers 4 - 8 in LB films.
Structural differences in monolayer LB films of the face-on polymers produce different
emission characteristics (Figure 4.7). Monolayers of polymers 6 and 8 on hydrophobic
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substrates, which have an aggregation peak in their absorption spectra, have structured
fluorescence spectra with three peaks. On the other hand, the UV-Vis spectra of monolayers of
polymers 4, 5, and 7 on hydrophobic substrates do not show aggregation, and their fluorescence
spectra are less structured. In the case of polymer 7, it is observed that the aggregation peak in
the absorbance spectrum increased when the number of layers in the LB films increased,
indicating a gradual increase of intermolecular interactions. This effect is also present in the
fluorescence spectra of multilayer films of polymer 7. The fluorescence spectra of monolayer
films of 7 display a relatively featureless shape similar to that taken in solution. However, as the
number of layers increased, a more structured emission spectrum developed. Again aggregation
causes highly ordered segments of the polymer chains producing a narrow and structured
fluorescence spectra. Energy migration to these lower energy aggregates also facilitates the band
narrowing by reducing the contribution of solution-like fluorescence.
As mentioned earlier, UV-Vis studies of LB face-on polymer multilayer or nanofibril films
suggest that polymer 4, 5 and 7 do not form aggregates, but polymer 6 and 8 do. Fluorescence
studies of spin cast films of these polymers in PMMA solid solutions show consistent behavior.
Figure 4.8 shows fluorescence spectra of polymer 4 and 8 in solution, spin cast films with
PMMA, and LB films on both hydrophobic and hydrophilic substrates. As the concentration of
polymer 4 in a spin cast film with PMMA is increased, the emission X, showed only very small
red-shifts (Figure 4.8 (a)). However, polymers that had tendencies to aggregate showed
significant spectral changes. In Figure 4.8 (b), increasing concentrations of polymer 8 in spin-
cast films with PMMA induced an evolution of the fluorescence spectra from solution-like
behavior to those characteristics of aggregation. The fluorescence spectrum of a spin cast film
with a 102/1 (polymer 8/PMMA) concentration displays an aggregate type emission with a
solution-like shoulder that decreases at higher concentrations of polymer 8.
4.2.3 Quantum Yield
Table 4.1 shows the quantum yields of the polymers in chloroform solutions and in
monolayer LB films on a hydrophobic substrate, and the ratio thereof (i.e. (quantum yield in LB
films)/(quantum yield in solution)). While the quantum yields of the polymers in solution range
from 0.34 to 0.54, the quantum yields of their monolayer LB films are very different depending
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on the edge-on and face-on structure. The extremely low quantum yields of the edge-on
monolayer LB films are attributed to self-quenching of the n aggregates.
Generally, as shown in Figure 4.7 monolayers on hydrophilic substrates have much smaller
quantum yields than monolayers on hydrophobic substrates. For example, the quantum yields of
monolayers of polymers 1, 4, and 6 on a hydrophilic substrate are << 0.01, 0.05, and 0.05,
respectively. The lower quantum yields of the monolayers on hydrophilic substrates likely arises
from stronger interactions between the polymers hydrophilic g;roups and the substrates that
prevents reconstruction.
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Figure 4.8 Fluorescence spectra of polymers (a) 4 and (b) 8. The mass ratio of (polymer
/PMMA) in the spin-cast films is A = 10-'/1, B = 10'2/1, and C = 103/1, respectively.
90
Controlled Structure & Photophysical Studies
The influence of intermolecular interactions on the quantum yield can be clearly seen from
the comparison of the OF ratio (quantum yield in transferred LB films/quantum yield in solution).
First, the strong n aggregates displayed by the edge-on polymers produce self-quenching and low
quantum yields. For the face-on polymers, even though they do not form these strong 
aggregates at the air-water interface, they do experience varying strength of intermolecular
interactions in nanofibrils. The ratio of 0 F has a strong tendency to increase as intermolecular
interactions in nanofibrils decrease. In the case of polymers 4 and 5, macrocycles reduce
intermolecular interactions in the nanofibrils significantly, resulting in the best O(F ratios. As a
result of polymer 7's hydroxyl groups, its intermolecular interactions in nanofibrils are weak,
and it has a better ratio than polymers 6 and 8.
Table 4.1 Photophysical Data of the polymers.a
OptimizedPolymer A/A
1 3.0
2 3.6
3 3.0
4 6.3
5 5.0
6 5.5
7 4.3
8 1.4
Fluorescence m, (nm)
In solution In LB film
476 493
471 505
474 500
457 465
456 459
455 472
456 466
457 474
Quantum Yield (QF)
In solution (A) In LB film (B)
0.43 << 0.01
0.34 < 0.01
0.36 0.01
0.54 0.19
0.41 0.17
0.46 0.14
0.53 0.17
0.44 0.10
a See Experimental Section for the
films on hydrophobic sbstrates.
detailed information. LB films in this table were monolayer
4.3 Experimental
4.3.1 General Methods
Air- -qid moisture-sensitive reactions were carried out in flame-dried glassware using
standard Schlenk-line or drybox techniques under an inert atmosphere of dry argon. All
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chemicals used were of reagent grade and were purchased from Aldrich unless otherwise noted.
Anhydrous toluene was used from Aldrich Kilo-lab metal cylinders. CH2 CI2 and THF were used
directly from Aldrich Sure-seal bottles. Diisopropylamine was distilled over solid KOH pellets
and degassed by three freeze-pump-thaw cycles. Tetrakis(triphenylphosphine)palladium (0) and
trans-dichlorobis(triphenylphosphine)-palladium (11) were purchased from Strem chemicals and
used as received. (Trimethylsilyl)acetylene was purchased from Farchan Laboratories and used
as received. H and 13C NMR spectra were taken in CDC13 with H chemical shifts reported
relative to internal tetramethylsilane (0.00 ppm) and 13C chemical shifts reported relative to
CDCI3 (77.00 ppm). 2,5-diiodo-4-decyloxyanisole,2' 2,5-diethynyl-4-decyloxyanisole,2 ' 1,4-
diiodo-2,5-dihydroxybenzene, 3 0 1,4-bis (N,N-dioctylcarbamoyl)-2,5-diiodobenzene, 3° 1,4-bis[2-
(2-hydroxyethoxy)ethoxy]-2,5-diiodobenzene,3° and polymer I and 4 were synthesized
according to the literature procedures.2 '
Polymer molecular weights were determined with a Hewlett-Packard 1100 series HPLC
equipped with a PLgel mixed-C column (5 ) using THF as the mobile phase at a rate of 1
mL/min. Gel permeation chromatography (GPC) measurements were made relative to
monodisperse polystyrene standards purchased from Polymer Laboratories. This technique may
give relative molecular weights higher than the actual values for rigid-rod polymers. Langmuir-
Blodgett (LB) thin films were prepared on a 601M LB trough equipped with vertical dipping
mechanism from NIMA Technology,. Ltd., using purified water (18 Mr) from a Barnstead
Nanopure system. Substrates were 18 x 18 mm glass microscope cover slides treated according
to the literature.T IR measurements were performed with a Nicolet Impact 410 FT-IR
spectrometer. UV-Vis spectra were obtained on a Hewlett-Packard 8453 diode array
spectrophotometer. To collect UV-Vis spectra versus surface pressure of polymers' films at the
air-water interface, a LB trough with a window was placed in a vertically rotated UV
spectrophotometer. Fluorescence spectra were measured at room temperature using a Spex
Fluorolog spectrofluorometer. Fluorescence quantum yields in chloroform solutions and
monolayer LB films were determined relative to equiabsorbing quinine sulfate solution (-10 6 M
in IN H2SO4, =0.55)'3 and spin cast films of -10 3 M 9,10-diphenylanthracene in PMMA
(4F=0.83),15 respectively by using the equation OF[(AsFnu2)/(AFsns2)]JDs,32 where, subscripts s
and u refer to standard and unknown samples. A is the optical density at the excitation
wavelength, F is the integrated area of fluorescence spectrum and n is the refractive index. We
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assumed that the refiactive indices of LB films are same and the refiactive index of quinine
sulfate solution is same as pure water.
4.3.2 Synthesis and Characterization
Palladium-catalyzed cross-coupling methods figure prominently into the synthesis of these
polymers.33 The preparation of polymers 1 and 4 were reported elsewhere.2 0 Polymer 2 and 8
were synthesized as described in equation 1. Selective removal of the methyl group of 2,5-
diiodo-4-decyloxyanisole using one equivalent of trimethylsilyl iodide produced the
corresponding phenol in 46% yield. Reaction of this phenol under standard Williamson ether
conditions with triethylene glycol monomethyl ether p-toluenesulfonate produced I -((triethylene
glycol monomethyl ether)oxy)-4-decyloxy-2,5-diiodobenzene in 90 % yield. Palladium
catalyzed coupling with (trimethylsilyl)acetylene and subsequent desilylation produces monomer
9. Monomer 9 was further reacted with -((triethylene glycol monomethyl ether)oxy)-4-
decyloxy-2,5-diiodobenzene or 1,4-bis (N,N-dioctylcarbamoyl)-2,5-diiodobenzene to produce
polymer 2 and 8 respectively.
0 0 O OCH3
1I '
C1 0oH 2 1 2
Pd(PPh 3 )4, Cul (1)
Toluene, DIPA
I> 8
CON(C2Hr 7'
CON(CsH 17 ) 2
Equation 2 shows the synthesis of polymer 3. Williamson ether synthesis between (2 -(p-
toluenesulfonyl)methyleneoxy)-15-crown-S and 1.4-diiodo-3-decyloxyphenol gave compound
10 in 92% yield. By combining 10 with 2,5-diethynyl-4-decyloxyanisole, it was possible to
synthesize copolymer 3.
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Pd(PPh3)4, Cul
Toluene, DIPA
...... ,
K2CO3, cat. KI
Acetone, 75 °C
0 
OTs 92%
3 (2)
10
Polymer 5 was synthesized from the palladium coupling reaction of 11 with 1,4-bis (N,N-
dioctylcarbamoyl)-2,5-diiodobenzene (Equation 3). Pentaethylene glycol ditosylate was reacted
with 1,4-diiodo-2,5-dihydroxybenzene under standard Williamson ether conditions, followed
palladium catalyzed coupling (trimethylsilyl)acetylene and deprotection to give 2,5-diethynyl-p-
phenylene-20-crown-6 (11).
(a) 2.2 TMSA, PdCI2(PPh3
Cul, Toluene, DIPA, 67%
(b) TBAF, MeOH, 77%
11
Pd(PPh3)4 , Cul
Toluene, DIPA
CON(CH1i7)2
CON(CsH 17 )2
Y
(a) 2.2 TMSA, PdC12(PPh3 ' I
Cul, Toluene, DIPA
(b) TBAF, MeOH
Y
12, or 13
Pd(PPh3 )4, Cul
Toluene, DIPA
CON(CsH 17)2
CON(CSH 1 7) 2
6, or 7 (4)
6and 12; Y= / 0 0 OCH3 (a)64% (b) 87%
7 and 13;Y= 0 OH (a) 96% (b) 77%
As shown in Equation 4, polymers 6 and 7 were synthesized
or 13 with 1,4-bis (N,N-dioctylcarbamoyl)-2,5-diiodobenzene.
1,4-diiodo-2,5-dihydroxybenzene under standard Williamson
from the coupling reaction of 12
The tosylates was reacted with
ether conditions, followed by
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1
OC10 l 2,
1.
S (3)
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palladium catalyzed coupling (trimethylsilyl)acetylene and deprotection to give 1,4-
bis[(triethylene glycol monomethyl ether)oxy]-2,5-diethynylbenzene (12) or 1,4-bis[2-(2-
hydroxyethoxy)ethoxy]-2,5-diethynylbenzene (13).
1,4-Diiodo-3-decyloxyphenol. A flame-dried 250 mL Schlenk flask equipped with a stir bar
was charged with 2,5-diiodo-4-decyloxyanisole (10.08 g, 19.5 mmol, 1 eq.) and then placed
under argon. CH 2CI2 (100 mL) and trimethylsilyl iodide (3.0 mL, 21 mmol, 1.05 eq.) were
successively added, causing the solution to turn light yellow. The flask was stirred at room
temperature for 4 days in the absence of light, and then methanol (10 mL) was added to the
quench the excess trimethylsilyl iodide. The reaction mixture was washed sequentially with
saturated aqueous NaCl (150 mL), saturated aqueous NaHCO3 (150 mL), and saturated aqueous
NaCl (100 mL) and then dried (Na2SO4), and concentrated in vacuo. Flash chromatography
(50% Hexane/50% CH 2C12, Rf = 0.26) afforded 2.71 g of 1,4-Diiodo-3-decyloxyphenol in 46%
yield based on recovered 2,5-diiodo-4-decyloxyanisole (4.05 g). 'H NMR (250 MHz, CDCI3) 8
7.41 (s, 1H), 7.02 (s, IH), 3.91 (t, J = 6.4 Hz, 2H), 1.80 (qn, J= 6.6 Hz, 2H), 1.60-1.20 (br m,
14H), 0.88 (t, J= 6.8 Hz, 3H); 13C NMR (125 MHz, CDC13) 152.56, 149.70, 124.75, 120.82,
87.57, 84.39, 70.32, 31.88, 29.52, 29.51, 29.29, 29.25, 29.07, 25.99, 22.66, 14.13 ppm; HR-MS:
calcd for (M+): C,6H2412 02 501.9866, found 501.9866.
1-((Triethylene glycol monomethyl ether)oxy)4-decyloxy-2,5-diiodobenzene. A 250 mL
three-necked round bottol,,ed flask equipped with a stir bar and a condenser was charged with
1,4-diiodo-3-decyloxyphenol (0.97 g, 1.93 mmol, 1 eq.), triethylene glycol monomethyl ether p-
toluenesulfonate (0.69 g, 2.17 mmol, 1.1 eq.), potassium carbonate (0.80 g, 5.80 mmol, 3 eq.),
potassium iodide (31 mg, 0.18 mmol, 0.1 eq.), and acetone (100 mL). The mixture was heated at
75 °C for 48 hours, and then cooled to room temperature. The solvent was removed in vacuo,
and the residue partitioned between CH2C12 (250 mL) and water (250 mL). The organic layer
was separated, washed with saturated aqueous NaCI (100 mL), and then dried (MgSO4), and
concentrated in vacuo. Flash chromatography (35% Ethylacetate/ 65% Hexane, Rf = 0.41)
afforded a white solid (1.30 g, 90%). H NMR (250 MHz, CDC13) 6 7.25 (s, IH), 7.16 (s, 1H),
4.10 (m, 2H), 3.90 (m, 4H), 3.80 (m, 2H), 3.67 (m, 4H), 3.56 (m, 2H), 3.38 (s, 3H), 1.78 (qn, J =
6.5 Hz, 2H), 1.55-1.20 (br m, 14H), 0.88 (t, J= 6.8 Hz, 3H); '3C NMR (125 MHz, CDCI 3) 8
153.16, 152.67, 123.60, 122.52, 86.45, 86.18, 71.91, 71.09, 70.71, 71.55, 70.30, 70.24, 69.59,
95
Chapter 4
Controlled Structure & Photophysical Studies
59.01, 31.86, 29.51, 29.49, 29.27, 29.23, 29.07, 25.98, 22.64, 14.09 ppm; HR-MS: calcd for
(M+): C23H38I 20 5 648.0809, found 648.0819.
1-((Triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-((trimethylsiyl)ethynyl)
benzene. A 100 mL Schlenk flask equipped with a stir bar was charged with l1((triethylene
glycol monomethyl ether)oxy)-4-decyloxy-2,5-diiodobenzxne (0.60 g, 0.93 mmol, I eq.), trans-
dichlorobis(triphenylphosphine)-palladium (11I) (19.2 mg, 27.4 ;.mol, 0.03 eq.), and
copper(I)iodide (14.3 mg, 75.1 Mmol, 0.06 eq.). The flask was placed under argon, and then
toluene (50 mL) and diisopropylamine (0.60 mL, 4.28 mmol, 4.0 eq.) were successively added.
The orange solution was treated with (trimethylsilyl)acetylene (0.30 mL, 2.1 mmol, 2.2 eq.), and
stirred at room temperature for 48 hours. The black mixture was filtered through a 1 in. plug of
silica gel and eluted using ethyl acetate. The filtrate was removed in vacuo to yield a black oil
that was chromatographed (25% Ethylacetate/75% Hexane, Rf = 0.31) to afford a golden oil
(0.47 g, 86%). 'H NMR (300 MHz, CDC13) 6 6.92 (s, I H), 6.88 (s, IH), 4.12 (t, J = 5.1 Hz, 2H),
3.94 (t, J = 6.6 Hz, 2H), 3.87 (m, 2H), 3.79 (m, 2H), 3.66 (m, 4H), 3.54 (m, 2H), 3.37 (s, 3H),
1.76 (m, 2H), 1.48 (m, 2H), 1.40-1.20 (br m, 12H), 0.88 (t, J = 6.9 Hz, 3H), 0.26 (m, 18H); 13C
NMR (125 MIsz, CDC13) 6 154.32, 153.55, 117.76, 117.28, 114.16, 114.02, 101.02, 100.85,
100.23, 100.09, 71.92, 71.12, 70.75, 70.51, 69.69, 69.55, 69.41, 58.97, 31.84, 29.59, 29.54,
29.38, 29.30, 29.28, 25.98, 22.63, 14.06, -0.07, -0.10 ppm.
1-((Triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-diethynylbenzene (9). A
25 mL two-necked round bottomed flask was equipped with a stir bar and charged with 1-
((triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-((trimethylsilyl)ethynyl)benzene
(0.40 g, 0.676 mmol, I eq.) and methanol (15 mL). The flask was capped and argon bubbled
through the solution for 45 minutes. Tetrabutylammonium fluoride hydrate (0.48 g, 1.85 immol,
2.4 eq.) was then added to the flask under argon and the mixture stirred at room temperature for
2 hours. The red solution was then concentrated in vacuo and the residue partitioned between
CH2C12 (100 mL) and water (50 mL). The organic layer was washed with saturated aqueous
NaCI (50 mL), and then dried (MgSO4), and concentrated in vacuo. Flash chromatography (35%
Ethylacetate/65% hexane, Rf = 0.23) afforded 9 (0.27 g, 90%) as a red solid. 'H NMR (250
MHz, CDC13) 7.00 (s, I H), 6.94 (s, I H). 4.15 (t, J = 5.2 Hz, 2H), 3.97 (t, J = 6.6 Hz, 2H), 3.87
(nm, 2H), 3.77 (m, 2H), 3.67 (m, 4H), 3.56 (m, 2H). 3.38 (s, 3H), 3.33 (s, 2H), 1.78 (qn, J = 7.8
96
Chapter 4
Controlled Structure & Photophysical Studies
Hz, 2H), 1.55-1.20 (br m, 14H), 0.88 (t, J= 6.8 Hz, 3H); '3C NMR (125 MHz, CDC13) 154.25,
153.63, 118.35, 117.50, 113.47, 113.20, 82.59, 82.52, 79.67, 79.55, 71.89, 71.00, 70.66, 70.51,
69.56, 69.54, 69.48, 58.97, 31.85, 29.50, 29.48, 29.27, 29.04, 25.83, 22.63, 14.07 ppm; HR-MS:
calcd for (M+): C27 H400 5 444.2876, found 444.2861.
Polymer 2. A 10 mL Schlenk flask equipped with a stir bar was charged with l-((triethylene
glycol monomethyl ether)oxy)-4-decyloxy-2,5 -diiodobenzene (73.1 mg, 0.11 mmol, 1 eq.), 1-
((triethylene glycol monomethyl ether)oxy)-4-decyloxy-2,5-diethynylbenzene (9) (51.6 g, 0.11
mmol, 1.03 eq.), and copper(I)iodide (3.9 mg, 20.5 aunol, 0.07 eq.). The flask was placed under
argon, and tetrakis(triphenylphosphine)-palladium (0) (8 mg, 6.92 munol, 0.18 eq.) was added
under a nitrogen atmosphere. Toluene (3.0 mL) and diisopropylamine (1.25 mL, 8.91 mmol, 79
eq.), were successively added by syringe, and the mixture stirred at room temperature for 30
minutes. As the mixture became viscous, toluene (2 mL) was added, after which, the mixture
was heated to 60°C for 24 hours. The polymer solution was then precipitated in methanol,
filtered, and rinsed with hot methanol, giving polymer 2 as an amorphous orange solid. 'H NMR
(300 MHz, CDCI3) 8 7.54 (br m), 7.06 (s), 7.01 (s), 4.24 (br m), 4.04 (br m), 3.92 (br m), 3.78
(br m), 3.62 (br m), 3.51 (br m), 3.35 (br s), 1.86 (br, m), 1.64 (br m), 1.50 (br m), 1.40-1.1 (br
m), 0.87 (t, J= 6.9 Hz); GPC (soluble portion): Mn = 55,900; PDI = 2.9.
l-(2-methyleneoxy-15-crown-)-4-decyloxy-2,5-diiodobenzene (10). A 50 mL round
bottomed flask equipped with a stir bar and a condenser was charged with 1,4-diiodo-3-
decyloxyphenol (0.98 g, 1.96 mmol, I eq.), (2-p-toluenesulfonyl)methyleneoxy)-15-crown-5
(0.87 g, 2.15 mmol, 1.1 eq.), potassium carbonate (0.82 g, 5.94 mmol, 3 eq.), potassium iodide
(33 mg, 0.201 mmol, 0.1 eq.), and acetone (25 mL). The mixture was heated to reflux for 48
hours and then allowed to cool to room temperature. The reaction mixture was partitioned
between ethyl acetate (100 mL) and water (100 mL), and then the organic layer washed with
water (100 mL). Evaporation of the organic layer gave a viscous brown oil, which was
chromatographed (75% Ethylacetate/25% CH2C12, Rf= 0.41 to 0.25, streak) to afford a light
yellow, viscous oil that solidified upon standing (1.30 g, 92%). H NMR (250 MHz, CDC13) 8
7.22 (s, IH), 7.16(s, IH), 4.10-3.80 (br m, 7H), 3.75-3.55 (br m, 16H), 1.80 (qn, J= 8.0 Hz,
2H), 1.55-1.20 (br m, 14H), 0.88 (t, J= 6.9 Hz, 3H); 3C NMR (125 MHz, CDCI3) 8 152.96,
152.60, 122.70, 122.62, 86.22, 35.94, 77.93, 71.22, 70.87, 70.84 (br), 70.80, 70.78, 70.57, 70.52,
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70.50, 70.44, 70.27, 31.83, 29.48, 29.47, 29.25, 29.20, 29.06, 25.95, 22.61, 14.07 ppm; HR-MS:
calcd for C27H4005 (M+): 734.1177, found 734.1159.
Polymer 3. A 10 mL Schlenk flask equipped with a stir bar was charged with 1-(2-
methyleneoxy-15-crown-5)-4-decyloxy-2,5-diiodobenzene (10) (64 mg, 86.5 mol, 1 eq.), 2,5-
diethynyl-4-decyloxyanisole (27 mg, 85.8 mol, 1.03 eq.), and copper(I)iodide (1.6 mg, 8.40
pmol, 0.06 eq.). The flask was placed under argon, and tetrakis-(triphenylphosphine)palladium
(0) (10 mg, 8.65 mol, 0.06 eq.) was added under a nitrogen atmosphere. Toluene (3.0 mL) and
diisopropylamine (1.50 mL, 11 mmol, 111 eq.) were successively added by syringe, and the
mixture was stirred at 600 C for 24 hours. The cooled polymer solution was precipitated in
methanol, filtered, and rinsed with hot methanol. After drying under high vacuum, polymer 3
was obtained as a bright yellow powder (61 mg, 89%). 'H NMR (250 MHz, CDC13) 6 7.55 (br
m), 7.04 (br m), 4.20-3.50 (br m), 1.86 (br m), 1.51 (br m), 1.40-1.15 (br m), 0.87 (t, J= 6.9 Hz);
GPC: Mn = 19,600; PDI = 2.5.
2,5-diiodo-p-phenylene-20-crown-6. This compound was a side product of a reaction and
was kindly donated by Mr. Davide L. Simone. Flash chromatography (20% ethylacetate/5%
methanol/75% Hexane) afforded a white solid. H NMR (250 MHz, CDC13) 7.32 (s, 2H),
4.41-4.21 (m, 4H), 3.88-3.72 (m, 4H), 3.60-3.53 (m, 8H), 3.33 (s, 4H); '3 C NMR (125 MHz,
CDC13) 6 153.43, 124.57, 87.23, 71.68, 70.99, 70.89, 70.51; Anal. Calcd (C16H22 I206): C, 34.06;
H, 3.93. Found: C, 34.05; H, 4.02.
2,5-((trimethylsilyl)ethynyl)-p-phenylene-20-crown-6. A 50 mL Schlenk flask equipped
with a stir bar was charged with 2,5-diiodo-p-phenylene-20-crown-6 (0.564 g, 1 mmol, 1 eq.)
trans-dichlorobis(triphenylphosphine)-palladium (II) (14 mg, 19.9 mol, 0.02 eq.), and
copper(I)iodide (5.7 mg, 29.9 munol, 0.03 eq.). The flask was placed under argon, and then
toluene (10 mL) and diisopropylamine (20 mL, 0.14 mol, 130 eq.) were successively added. The
orange solution was treated with (trimethylsilyl)acetylene (0.31 mL, 2.2 mmol, 2.2 eq.), and
stirred at 700 C for 48 hours. The solvent was removed in vacuo, and the residue was dissolved
in CH2Cl2. Black mixture was filtered through a one inch plug of silica gel and eluted using
ethyl acetate. The filtrate was removed in vacuo to yield a black oil that was chromatographed
(10% CH2C12/25% ethylacetate/70% Hexane, Rf =0.24) to afford a yellow solid (0.34 g, 67%).
'H NMR (300 MHz, CDCI3) 6 7.02 (s, 2H), 4.34-4.28 (m, 4H), 3.70-3.66 (m, 4H), 3.58-3.47 (m,
8H), 3.40 (s, 4H).
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2,5-diethynyl-p-phenylene-20-crown-6 (11). A 100mL two-necked round bottomed flask
equipped with a stir bar was charged with 2,5-((trimethylsilyl)ethynyl)-p-phenylene-20-crown-6
(0.24 g, 0.48 mmol, 1 eq.) and methanol (10 mL). The flask was capped and argon bubbled
through the solution for 45 minutes. Tetrabutylammonium fluoride hydrate (0.30 g, 1.14 mmol,
2.4 eq.) was then added to the flask under argon and the mixture stirred at room temperature for
12 hours. The red solution was then concentrated in vacuo and the residue partitioned between
CH2C12 (100 mL) and water (50 mL). The organic layer was washed with saturated aqueous
NaCl (50 mL), and then dried (MgSO4), and concentrated in vacuo. Flash chromatography (50%
CH2C12/45% hexane/5% methanol, Rf = 0.25) afforded 11 (0.13 g, 77%) as a light yellow solid.
'H NMR (250 MHz, CDC13) 8 7.11 (s, 2H), 4.46-4.26 (m, 4H), 3.81-3.78 (m, 4H), 3.67-3.52 (m,
8H), 3.38 (s, 4H), 3.34 (s, 2H); '3C NMR (125 MHz, CDC13) ppm; HR-MS: calcd for C20H2406
(M+): 360.1573, found 360.1567.
Polymer 5. A 10 mnL flame-dried Schlenk flask equipped with a stir bar was charged with
1,4-bis (N,N-dioctylcarbamoyl)-2,5-diiodobenzene (86.5 mg, 100 ugmol, 1 eq.), 2,5-diethynyl-p-
phenylene-20-crown-6 (11) (36 mg, 99.9 gmol, 1 eq.), and copper(I)iodide (2.3 mg, 12 mol,
0.12 eq.). The flask was placed under argon, and tetrakis-(triphenylphosphine)palladium (0) (8.1
mg, 7 prmol, 0.07 eq.) was added under a nitrogen atmosphere. Toluene (lmL) and
diisopropylamine (1.12 mL, 8 mmol, 80 eq.) were successively added by syringe, and the
mixture was stirred at 700C for 60 hours. The cooled polymer solution was precipitated in
methanol, filtered, and rinsed with warm methanol. After drying under high vacuum, polymer 5
was obtained as a brown solid. GPC: Mn = 56,000; PDI = 2.5.
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-diiodobenzene. A 1 OOmL three-
necked round bottomed flask equipped with a stir bar was charged with 1,4-diiodo-2,5-
hydroquinone (1.00 g, 2.76 mmol, 1 eq.), triethylene glycol monomethyl ether p-
toluenesulfonate (3.52 g, 11.06 mmol, 4 eq.), and methylethylketone (60 mL) under nitrogen
atmosphere at room temperature. Into this solution, K2 C03 (1.53 g, 11.07 mmol, 4 eq.) and KI
(46 mg, 0.28 mmol, 0.1 eq.) were added in one portion. The reaction mixture was refluxed at
100°C 48 hours, and then cooled to room temperature. The solvent was removed in vacuo, and
the residue was dissolved in CH2CI2 (100 mL), followed by rinsing with 100 mL of 10% KOH
solution, distilled water. The organic layer was separated, washed with saturated aqueous NaCI
(100 mL), and then dried (MgSO4), and concentrated in vacuo to give orange color oil. Flash
99
Chapter 4
Controlled Structure & Photophysical Studies
chromatography (80% CH2C13/10% ethylacetate/10% hexane) afforded a yellow oil (3.16 g,
87%) that was solidified slowly upon storing at 0°C. 'H NMR (250 MHz, CDC13) 6 7.23 (s, 2H),
4.11 (t, J=4.8 Hz, 4H), 3.89 (t, =-4.8 Hz, 4H), 3.82-3.78 (m, 4H), 3.72-3.65 (m, 8H), 3.60-3.54
(m, 4H), 3.38 (s, 6H); '3C NMR (125 MHz, CDC13). 8 59.36, 69.83, 70.49, 70.83, 70.99, 71.38,
72.18, 86.58, 123.55, 153.16 ppm; HR-MS: calcd for C20H32I208 (M+): 654.0187, found
654.0198.
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-((trimethylsilyl)ethynyl)benzene.
A 100 mL Schlenk flask equipped with a stir bar was charged with 1,4-bis((triethylene glycol
monomethyl ether)oxy)-2,5-diiodobenzene (0.70 g, 1.07 mmol, 1 eq.) trans-
dichlorobis(triphenylphosphine)-palladium (II) (15mg, 21.4 gmol, 0.02 eq.), and copper(I)iodide
(6.1 mg, 32.1 tmol, 0.03 eq.). The flask was placed under argon, and then toluene (10 mL) and
diisopropylamine (20 mL, 0.14 mol, 130 eq.) were successively added. The orange solution was
treated with (trimethylsilyl)acetylene (0.33 mL, 2.35 mmol, 2.2 eq.), and stirred at 700 C for 48
hours. The solvent was removed in vacuo, and the residue was dissolved in CH2C12. Black
mixture was filtered through a 1 in. plug of silica gel and eluted using ethyl acetate. The filtrate
was removed in vacuo to yield a black oil that was chromatographed (8% CH2C12/25%
ethylacetate/67% hexane) to afford a golden oil (0.42 g, 64%) that was solidified slowly upon
storing at room temperature. 'H NMR (300 MHz, CDC13) 8 6.93 (s, 2H), 3.88 (t, J=4.8 Hz, 4H),
3.63 (t, J=4.8 Hz, 4H), 3.57-3.53 (m, 4H), 3.45-3.39 (m, 8H), 3.33-3.29 (m, 4H), 3.13 (s, 6H),
0.27 (m, 18H).
1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-diethynylbenzene (12). A 50 mL
two-necked round bottomed flask was equipped with a stir bar and charged with 1,4-
bis((triethylene glycol monomethyl ether)oxy)-2,5-((trimethylsilyl)ethynyl)benzene (0.32 g, 0.54
mmol, 1 eq.) and methanol (15 mL). The flask was capped and argon bubbled through the
solution for 45 minutes. Tetrabutylammonium fluoride hydrate (0.34 g, 1.29 mmol, 2.4 eq.) was
then added to the flask under argon and the mixture stirred at room temperature for 12 hours.
The red solution was then concentrated in vacuo and the residue partitioned between CH2C12
(100 mL) and water (50 mL). The organic layer was washed with saturated aqueous NaCl (50
mL), and then dried (MgSO4), and concentrated in vacuo. Flash chromatography (95%
CH2C12/5% methanol) afforded 12 (0.21 g, 87%) as a light yellow solid. 'H NMR (250 MHz,
CDC13) 8 7.00 (s, 2H), 4.16 (t, J-5.1 Hz, 4H), 3.88 (t, JA4.9 Hz, 4H), 3.80-3.77 (m, 4H), 3.68-
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3.64 (m, 8H), 3.59-3.54 (m, 4H), 3.39 (s, 6H), 3.34 (s, 2H); 13 C NMR (100 MHz, CDC1 3) 
58.03, 68.44, 68.55, 69.54, 69.68, 70.03, 70.91, 78.52, 81.77, 112.49, 117.18, 153.08 ppm; HR-
MS: calcd for C24H3408(M+): 450.2254, found 450.2266.
Polymer 6. A 10 mL Schlenk flask equipped with a stir bar was charged with 1,4-bis (N,N-'
dioctylcarbamoyl)-2,5-diiodobenzene (86.5 mg, 100 mol, 1 eq.), 1,4-bis((triethylene glycol
monomethyl ether)oxy)-2,5-diethynylbenzene (46.4 mg, 103 mol, 1.03 eq.), and
copper(I)iodide (2.3 mrg, 12 mol, 0.12 eq.). The flask was placed under argon, and tetrakis-
(triphenylphosphine)palladium (0) (8.1 mg, 7 mol, 0.07 eq.) was added under a nitrogen
atmosphere. Toluene (3mL) and diisopropylamine (1.12 mL, 8 mmol, 80 eq.) were successively
added by syringe, and the mixture was stirred at 700 C for 24 hours. The cooled polymer solution
was precipitated in methanol, filtered, and rinsed with warm methanol. After drying under high
vacuum, polymer 6 was obtained as a brown solid. GPC: Mn = 23,600; PDI = 2.4.
1,4-bis[2-(2-hydroxyethoxy)ethoxy]-2,5-diethynylbenzene (13). 1,4-bis[2-(2-
hydroxyethoxy)ethoxy]-2,5-diiodobenzene was combined with trans-
dichlorobis(triphenylphosphine)-palladium (II) (39 mg, 56 pmol, 0.03 eq.) and copper(I)iodine
(21 mg, 110 gtmol, 0.06 eq.) in a flame dried flask equipped with a stir bar. The flask was
evacuated and back filled with argon three times. The solids were dissolved / suspended in
toluene (25 mL) and diisopropyle amine (652 ItL). The (trimethylsilyl)acetylene (0.580 mL, 4.1
mmol, 2.2 eq.) was then added and the reaction was stirred and heated to 600 C for 20 hours.
Once the reaction was cooled to room temperature, saturated ammonium chloride solution was
added and the biphasic mixture was stirred for 30 minutes. The layers were then separated after
dilution with ether. The organic layer was washed four times with sat. ammonium chloride
solution, dried with magnesium sulfate, filtered, and concentrated to give a dark brown oil that
was chromatographed on silica gel (50 % hexane/50 % ethyl acetate).
The bistrimethylsiylacetylene (850 mg, 1.8 mmol, 1 eq) was deprotected by reaction with
aqueous potassium hydroxide (200 mg, 3.6 mmol, 2 eq; dissolved in 1 mL of DDI water) in
degassed THF (17 mL) and methanol (13.3 mL). The solution was stirred for 48 hours. The
reaction was then poured into 50 mL of ether. The organic layer was separated and washed with
water three times (40 mL). The organic layer was dried with magnesium sulfate and
concentrated to provide a off-white solid that was recrystallized from ethanol to provide 13. HR-
MS: calcd for C18H22 06 (Me): 334.1416, found 334.1424.
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Polymer 7. A 10 mL Schlenk flask equipped with a stir bar was charged with 1,4-bis[2-(2-
hydroxyethoxy)ethoxy]-2,5-diethynylbenzene (13) (30 mg, 91.3 jgmol, 1.05 eq.) and 1,4-bis
(N,N-dioctylcarbamoyl)-2,5-diiodobenzene (75 mg, 87 gmol, 1 eq.). Tetrakis-
(triphenylphosphine)palladium (0) (3.1 mg, 4.35 jgmol, 0.05 eq.) and copper(I)iodine were added
to the flask under a nitrogen atmosphere. The flask was then evacuated and back filled with
argon three times before adding toluene (1.5 L) and diisopropylamine (500 pL) via cannula.
The reaction was stirred while maintaining the temperature at 60°C for 48 hours. The reaction
was cooled before diluting with methylene chloride and subsequent washing with ammonium
hydroxide. The organic layer was concentrated to a yellow film that was re-dissolved in
methanol and precipitated with water. After drying polymer 7 was obtained as a fluorescent
green-yellow solid. GPC: Mn = 51,592; PDI = 3.83.
Polymer 8. A 10 mL flam-dried Schlenk flask equipped with a stir bar was charged with
1,4-bis (N,N-dioctylcarbamoyl)-2,5-diiodobenzene (86.5 mg, 100ptmol, 1 eq), -((triethylene
glycol monomethyl ether)oxy)-4-decyloxy-2,5-diethynylbenzene (9) (45.8 mg, 103 p±mol, 1.03
eq.), and copper(I)iodide (2.3 mg, 12 tmol, 0.12 eq.). The flask was placed under argon, and
tetrakis-(triphenylphosphine)palladium (0) (8.1 mg, 7 mol, 0.07 eq.) was added under a
nitrogen atmosphere. Toluene (2 mL) and diisopropylamine (1.12 mL, 8 mmol, 80 eq.) were
successively added by syringe, and the mixture was stirred at 70°C for 43 hours. The cooled
polymer solution was precipitated in methanol, filtered, and rinsed with warm methanol. After
drying under high vacuum, polymer 8 was obtained as a brown solid. GPC: Mn = 16,700; PDI =
2.4.
4.4 Conclusions
This chapter has demonstrated control of the spatial arrangement of poly(p-phenylene
ethynylene)s by combining variations of chemical structure with the Langmuir-Blodgett method.
This precise control of the spatial arrangement of conjugated polymers allowed us to elucidate
the aggregation mechanisms and the effect of aggregation on the spectroscopic properties of
conjugated polymers. Through extensive structure-property correlations, we have firmly
established spectroscopic features associated with un-aggregated polymers with various
conjugation length and the distributions of aggregation (-7r interactions) between polymer
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chains. In well-defined LB films, we demonstrated that rc aggregates cause extremely low
quantum yields by self-quenching. Intermolecular interactions in nanofibrils also affect the
photophysical properties of the polymers. Macrocycles attached to the polymer backbone
significantly reduce intermolecular interactions in the solid state, thereby increasing quantum
yield relative to polymers without macrocycles. More detailed relationship between quantum
yields and the spacing between the edge-on polymers are discussed in Chapter 5.34
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Chapter 5
Control of Aggregation and an Exceptionally Emissive Aggregation
The photophysical properties, particularly emissive properties of poly(p-phenylene
ethynylene)s (PPEs) are controllable by manipulating the side chain bulk of the polymers.
Increasing the side chain bulk from methyl, isopropyl, to isopentyl groups increases the
interpolymer distance in the solid state, suppressing aggregation and self-quenching. The
interpolymer distances were calculated from pressure-area isotherms of the polymers at
the air-water interface and from the X-ray scattering data of drop cast films of the
polymers. Systematic studies demonstrate that interpolymer distance has a strong
influence on the spectral properties of PPEs and provide a design principle for controlling
polymer spacing in a film and consequent photophysical properties of the film. In the
second part, an exceptionally emissive aggregated phase is discussed. This unexpected
result also has broad implications for the design of emissive polymer films.
Parts of this chapter appear in: McQuade D. T.; Kim, J.; Swager, T. M. J Am. Chem. Soc.
2000, 122, 5885.; Deans, R.; Kim, J.; Machacek, M. R.; Swager, T. M. J Am. Chem. Soc.
2000, 122, 8565.
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5.1 Introduction
Many useful applications of conjugated polymers utilize the emissive properties of
conjugated fluorescent polymers. One of the advantages of emissive conjugated polymers
is the tunability of their properties. In addition to chemical modifications, the
conformation of a single polymer and interpolymer interactions have been considered as
important tunable parameters in the solid state (Chapters 2 and 4).2 The collective
transport properties of electrons, electron-hole pairs (excitons), and charges as well as
luminescent quantum yield strongly depend on interpolymer distance and orientation of
polymers in the solid-state.3 '4' 5 For example, luminescent properties are diminished in a
closely packed fluorescent conjugated polymer film, but energy transport properties of
excitons between polymer main-chains are improved. Therefore, the performances of
conjugated polymers-based devices decisively depend on interpolymer distance.6 '7'8 '9
Even though it is widely accepted that close cofacial n-interaction between conjugated
emissive polymers causes low quantum yield due to self-quenching, and recently
theoretical modeling on interaction between neighboring chains were reported,' °"' no
systematic method to control the interpolymer distance has been reported.
In this chapter, surfactant poly(p-phenylene ethynylene)s with differing size of side
groups were synthesized to control the interpolymer spacing precisely and to address the
distance effects on the photophysical properties of a polymer film. The interpolymer
distances were calculated from pressure-area isotherms of the polymers at the air-water
interface and from the X-ray scattering data of drop cast films of the polymers. The
interspacing effects on the photophysical properties of a polymer film were
systematically analyzed by measuring UV-Vis spectra and fluorescent spectra of thin
films with different interpolymer spacing.
Besides the predictable interpolymer spacing effects, an unusually emissive
aggregated phase was found in a film of a PPE with nitrogen containing macrocycles.
Since it is a widely accepted rule that aggregation of n-conjugated materials causes low
quantum yield by self-quenching, the finding of more efficient emissive aggregation than
in the isolated state is unprecedented and worthy of investigation to understand the design
of highly luminescent polymer films.
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5.2 Results and Discussion
5.2.1 Control of Aggregation with Side Chain Bulk
Surfactant poly(p-phenylene ethynylene)s with differing degree of side chain bulk'2
are designed to have edge-on structure so that the side chain bulk determines the
interpolymer spacing in a monolayer film at the air-water interface (Figure 5.1).'3 In
Chapters 2 and 4, it was clearly shown that edge-on structure forces the main-chain
phenyl rings to cofacially pack, causing aggregation and self-quenching. However, edge-
on structures are preferred because the polymers expose their side groups to the air-film
interface, maximizing the surface density of receptor groups attached as side groups.
Therefore, if it is possible to control the aggregation by manipulating the interpolymer
distance, edge-on polymers are attractive materials for the top layer of sensory films.
I d I
1 2 3
Figure 5.1 Schematic representation of edge-on structures of surfactant PPEs 1, 2, and
3. The interpolymer spacing in monolayer polymer films is given as d.
The polymers were synthesized by Sonogashira-Hagihara cross-coupling reactions.' 4
The molecular weight and polydispersity of polymers 1, 2, and 3 were determined by
GPC relative to monodisperse polystyrene standards to be Mn= 23,600 (PDI= 2.2), Mn=
224,900 (PDI= 2.4), and Mn= 138,300 (PDI= 3.1), respectively. As expected, the areas
per repeating unit of polymers at the air-water interface increases from 55 A2 for 1, 60 A2
for 2, to 67 A2 for 3. The area per repeating unit was derived from extrapolated onset of
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the pressure-area isotherm of polymers. Since the length of the repeating unit of the
polymers (two phenylene ethynylenes) is predicted to be 14 A by molecular modeling,
the interpolymer spacing is calculated to be 4.0 A for 1, 4.4 A for 2, and 4.9 A fol 3. The
interpolymer spacing calculated from X-ray diffraction data'5 of drop casi films3 of the
polymers also confirms that the increasing side chain bulk increases the distance etween
polymer chains in a film. The interpolymer spacing determined by X-rmy diffraction
study is 3.6, 3.9, and 4.3 A for polymers 1 - 3, respectively.
Three different film fabrication methods, spin cast (SC), drop cast (DC), and
Langmuir-Schaefer (LS) method'6 were used to make polymer films. Because the
Langmuir monolayers of polymers are too stiff to be transferred to a substrate by the
Langmuir-Blodgett method (vertical dipping), the Langmuir-Schaefer (horizontal lifting)
method was used to make monolayer film. UV-Vis spectra and fluorescence spectra of
polymers 1 - 3 in chloroform solution, spin cast film, and drop cast film were
summarized in Table 5.1.
Table 5.1 Summary of the Photophysical Data of Polymers 1 - 3.
Absorption ,max (Emission Xma) in nm
Polymer 1 Polymer 2 Polymer 3
Solution 435 (453) 435 (454) 435 (450)
LS film 466 (560) 447 (555) 441 (453)
SC film 464 (556) 449 (463) 448 (457)
DC film 462 (566) 448 (463) 448 (461)
The interpolymer spacing effects on photophysical properties can be addressed by
comparing the photophysical data in Table 5.1 and the shape of spectra in Figure 5.2. The
absorption and emission Xmax of the polymers are close to each other in solution, but quite
different to each other in the films. As discussed in Chapters 2 and 4, when conjugated
polymers have a close cofacial aggregation, the absorption spectrum has an additional
aggregation band in the red region of the spectrum and emission spectrum also has a
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broad band in the red region with low quantum yield. Therefore as expected, polymer 1
with the smallest dimethyl side groups shows a sharp red-shifted aggregation band in its
absorption spectrum of Langmuir-Schaefer, spin cast, and drop cast films (Figure 5.2).
The emission spectra of polymer 1 in all three films have a broad emission band at about
560 nm (Figure 5.2 and Table 5.1). Polymer 3 with bulkier isopentyl side groups has the
largest interpolymer spacing, and its Langmuir-Schaefer film shows only 6 nm red shift
in the absorption spectrum relative to the solution value and almost solution-like sharp
emission spectrum. The relative quantum yield of the polymer 3 Langmuir-Schaefer film
is 2.3 times higher than that of the polymer 1 Langmuir-Schaefer film.
.e
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Figure 5.2 Normalized UV-Vis and PL spectra of the
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Figure 5.3 Normalized PL spectra of the monolayer LS, drop cast,
and spin cast films of polymer 2.
The interpolymer spacing of polymer 2 lies between those of polymers 1 and 3, and
the absorption spectrum and emission spectrum of polymer 2 are also intermediate
between those of polymers 1 and 3. The aggregation peak in the absorption spectrum of a
polymer 2 Langmuir-Schaefer film is not fully developed as in polymer 1, but
significantly red shifted and broadened (Figure 5.2). Fluorescence spectrum of polymer 2
shows multiple emission peaks, indicating multiple aggregated emissive species. The
relative quantum yield of the polymer 2 Langmuir-Schaefer film is 1.7 times higher than
that of the polymer 1 Langmuir-Schaefer film. In particular the film fabrication method
appears to strongly influence the emission spectrum of polymer 2 as shown in Figure 5.3.
The emission spectrum of spin cast film is very similar to the solution spectrum.
However in a Langmuir-Schaefer film, the solution-like peak at 463 nm is suppressed
almost completely. Instead, two broad bands at 511 and 555 nm become dominant,
indicating efficient aggregation in a LS film. The drop cast film is in an intermediate
state, having the solution-like peak as well as other broad emission bands at 494, 512, and
553 nm. The differences among LS, spin cast, and drop cast films are believed to be from
the different kinetics the polymers experience during film fabrication. In a LS film,
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polymers are more compactly organized since they are compressed and oriented by a
mechanical force before they are transferred to a substrate. However, spin casting
kinetically traps the polymers in random orientation, and rapid solvent evaporation
freezes the polymers in a less ordered state. In the case of a drop cast film, polymers have
enough time to organize due to slow solvent evaporation. Therefore, polymers in a drop
cast film have tighter packing than a spin cast film but not as much as a Langmuir-
Schaefer film.
In summary, these data demonstrate that manipulating side chain bulk could control
interpolymer distance, and the interpolymer spacing in a film has a strong influence on
the absorption and emission spectra of a PPE film.
5.2.2 An Exceptionally Emissive Aggregation
In the previous section, it has been clearly demonstrated that aggregation between
closely packed conjugated polymer chains results in low quantum yields. However,
surprisingly an exceptionally emissive aggregated phase was observed in a PPE film of 4.
As discussed in Chapter 1, conjugated polymer-based fluorescent polyreceptors
amplify chemosensory signal significantly via effective energy transfer through a
molecular wire. The polymer 4 with amine-containing cyclophanes was synthesized in
route to new PPEs with funtionalized cyclophane receptors.'7
C16H33 0", O,'" N o-C O
4 M= -2oA PH 1.
6H33
4 Mn=21,200 PDI = 1.5
A solution of polymer 4 in chloroform exhibits absorption ,max at 437 nm and
emission X.ma at 473 nm. While most other PPEs have solution quantum yields of 34% to
54% (Chapter 4), polymer 4 has an extremely low quantum yield of 6%. It is likely due to
the amine group via electron transfer quenching mechanism. An interesting unexpected
discovery here is that a spin cast film of 4 shows a visibly bright emission. Fluorescence
Ill
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spectrum of the film in Figure 5.4 exhibits a large red-shifted absorption (a = 480 nm)
and a broad red-shifted emission band. The red-shifted absorption and emission bands are
essentially identical to the aggregation peaks in thin films and monolayer films with close
cofacial t-interactions (Chapters 2, 4, and 6).l1212. ' 8 As discussed, all of these polymers in
aggregated states are highly quenched and their quantum yields are at most few percent
of the solution values (Chapter 4). However, surprisingly the aggregated spin cast film of
polymer 4 has a quantum yield of 21%, a value of 350% of its solution value.'9 To verify
that the additional peak in absorption spectrum of the spin cast film is from aggregation,
the identical PMMA solid solution study of Chapter 4 was conducted. As shown in
Figure 5.5, as the weight percent of 4 in the solid solution increased, a red-shifted
additional peak appeared and intensified, and the solution-like emission peak (max = 474
nm) is gradually suppressed with increasing broad emission band in the red region (max =
526 nm). This solid solution study clearly demonstrates that the spectral changes are due
to aggregations.
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Figure 5.4 Normalized absorption and emission spectra of polymer 4 in
chloroform solution and spin cast film.
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Figure 5.5 Normalized absorption (inset) and emission spectra
of spin cast films of varying polymer 4/PMMA composition.
The aggregated spin cast film of 4 lost its initial brilliant emission gradually over long
periods (weeks) in ambient atmosphere, and finally showed similar spectroscopic
properties to the non-aggregated state such as chloroform solution and diluted PMMA
solid solution. Exposure of the film to atmospheric CO2 or to headspace vapor over a
concentrated aqueous solution of HCI diminishes the aggregation band in UV-Vis
spectrum and the broad emission bands in the fluorescence spectrum as shown in Figure
5.6. It is likely that the amine is critical to the aggregation state of polymer 4. A PPE with
closely related cyclophane showed a dramatic rearrangement to minimize surface
energy,'3 hence the rearrangement of polymer 4 is a reasonable hypothesis to explain the
spectral change with aggregation and de-aggregation. Thermal annealing of the spin.cast
film also de-aggregates the polymers as demonstrated in Figure 5.6. As observed in
Chapter 3, thermal annealing can give mobility to a polymer in a film, and here it
rearranges the polymers into a less aggregated state.
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Figure 5.6 Absorption and emission spectra of a spin cast film of 4 before and
after exposure to (a) CO2, (b) HC1 vapor, and (c) 1400C temperature.
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Further investigation of the emissive aggregation was undertaken by analyzing LB
films of polymer 4. In a LB film, polymers are well aligned parallel to each other and
each layer is separated from other layers by the side chain macrocycles. There is no 7t-
aggregation in LB films. A bilayer LB film of 4 was prepared and its absorption and
emission spectra were compared with the spectra in solution. The shape of the spectra is
identical to each other since polymers are spatially in an isolated state both in the LB film
and in solution (Figure 5.7). In a good agreement with observed lower quantum yield in a
non-aggregated state, the bilayer LB film without aggregation has a quantum yield of
4.6% or about 77% of the solution values. This LB experiment clearly shows that the
additional red shifted band in absorption spectra of the spin cast film is from aggregation
and the quantum yield in isolated state in this exceptional polymer is much lower than
that in an aggregated state.
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Figure 5.7 Normalized absorption and emission spectra of polymer 4
in a bilayer LB film and in chloroform solution.
In summary, a new cyclophane-based PPE exhibits an exceptional solid-state
aggregation with a higher quantum yield than in an isolated state. The aggregate phase is
de-aggregated by chemical or thermal treatments that induce rearrangement of the
polymers into less aggregated states.
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5.3 Experimental
Polymers 1 - 3 were synthesized by Dr. D. Tyler McQuade and the detailed synthetic
procedures and characterizations were reported in the literature.20 Polymer 4 was
synthesized by Dr. Robert Deans and the detailed synthetic procedures and
characterizations were reported in the literature.2 '
5.4 Conclusions
It is systematically demonstrated that interpolymer spacing in the solid-state can be
controlled by rational design of polymers. Different degrees of side chain bulk of PPEs
determines interpolymer spacing in the solid-state and consequently influences the
photophysical properties of polymers in a film. This delicate control of interpolymer
interaction via side chain bulk can be applied for developing sensitive sensory systems
(Chapter 8). In addition, a PPE with a macrocycle side chain deviates from the general
rule of the interpolymer spacing effects on quantum yield. In this exceptional case, an
aggregated phase has much better emissive property than in isolated state. The highly
emissive aggregated phase discussed in this chapter may hold the key to the design of
highly luminescent polymer films.
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Chapter 6
Interpolymer Energy Transport in Anisotropic LB Films:
Determination of the Optimum Thickness of Sensory Films
The photophysical and energy transport properties of a poly(p-phenylene ethynylene)
were investigated in thin films. Highly aligned films of a precise thickness, prepared by
sequential monolayer deposition using the Langmuir-Blodgett technique, were surface
modified with luminescent traps (Acridine Orange, AO) for energy transfer studies. The
degree of energy transfer to the traps was investigated as a function of the AO
concentration and the number of polymer layers. An increased energy transfer efficiency
to the traps was observed with increasing numbers of layers until an approximate
thickness of 16 layers. This behavior is consistent with a transition to a 3-dimensional
energy migration topology. A phenomenological model for the transport is proposed and
solutions were obtained by numerical methods. The model yields a fast (>6 x 101 s' l)
rate of energy transfer between polymer layers and a diffusion length of more than 1 00A
in the Z direction (normal to the film surface).
Parts of this chapter appear in: Levitsky, I. A.; Kim, J.; Swager, T. M. J. Am. Chem. Soc.
1999, 121, 1466.
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6.1 Introduction
Energy migration processes have been studied extensively in polymers with saturated
backbones and pendant chromophores. 1'3'4' 5',6 In this case, energy transport is possible by
the through space transport mechanism, F6rster energy transport.7 Recently, conjugated
polymers have been drawing researcher's interests for their many useful applications.
Energy migration processes that occur in conjugated polymers include both through
space and through bond transport mechanism since the excited electron-hole pairs can
migrate through a conjugated polymer backbone.8'9 0 "'' 12 '13 '14 '5"16 Facile through bond
energy migrations have been demonstrated in a poly(p-phenylene ethynylene) system.'7
In this system of isolated polymers in dilute solution, the migration of excitons is a I-
dimensional random-walk along the polymer backbone.
To utilize the highest amplification potential of the conjugated polymers in sensory
applications, the excitations must sample as many polymer repeating units as possible.
One way to achieve this is assembly of conjugated polymers to facilitate efficient 2- and
3-dimensional random-walks of excitations. This increased dimensionality decreases the
probability of an excitation retracing a given segment of the polymer and thereby
produces larger amplification in sensory schemes. As it is discussed in Chapter 1, the
efficiency of intermolecular energy migration depends on facile dipolar Frster-type
processes, which are optimal when the transition dipoles of the donor and acceptor
groups are aligned. As a consequence, films of aligned polymers with extended chain
conformations provide and ideal situation for energy migration.
In this chapter, energy migration processes in highly aligned Langmuir-Blodgett
monolayer and multilayer films of a poly(p-phenylene ethynylene) are investigated. By
using a luminescence trap located exclusively at the film surface, it has been possible to
determine the efficiency of energy migration in the direction normal to the surface.
Equations describing this process, experimental findings, and modeling by numerical
methods have allowed the determination of the relative rates of energy migration in these
systems. From the results, an optimum thickness of sensory polymer films to maximize
sensitivity is derived for this particular system. Moreover, the studies confirm that
interlayer FOrster-type energy migration processes are very fast and provide an important
transport mechanism.
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6.2 Results and Discussion
6.2.1 Experimental Analysis of Interpolymer Energy Transport
Structurally well-defined multilayer films of polymer 1 were fabricated by Langmuir-
Blodgett technique as discussed in Chapter 3. Since the macrocycles prevent aggregation
between layers, absorption and emission spectra of multilayer LB films of 1 are identical
with those of 1 in dilute solution (Figure 6.1). In the case of spin cast films of 1, polymer
main-chains can cofacially interact with each other without macrocycle intercalation.
Therefore, the emission spectra of spin cast films are noticeably different from those in
solution, having a broad red shifted additional emission band (Figure 6.1). The intensity
of the red emission band is different from sample to sample depending on the degree of
aggregation, which was not readily controllable.
Polymer 1, Mn-81,200 PDI=3.4
03
.0
ILC
0
IL
440 480 520 560 600
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Figure 6.1 Comparison of the emission spectra (4x= 420 nm) for I in CHCl3
solution, as a highly aligned LB film (2 layers), and as spin cast from CHCI 3.
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The fluorescence intensities of the LB films linearly increase with the number of
layers transferred. Progressive red shifts in emission , are observed as the number of
layers increases as shown in Figure 6.2. It is likely due to minor interactions between
polymer main-chains in multilayer films. Since polymers are well aligned by mechanical
annealing and by the flow field that is generated by vertical dipping of a substrate
through Langmuir film at the air-water interface, the LB films showed anisotropic UV-
Vis spectra (Chapter 3). Similarly an anisotropic emission was observed in well-aligned
LB films. The high fluorescence anisotropy (I11/I1 = 5.5, where I and I1 are the intensities
of emissions detected parallel and perpendicular to the polarization vector) in these films
compares favorably with other systems also prepared by the LB deposition technique,'8
which were found to display a fluorescence anisotropy of In/I1 = 3 - 4.
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Figure 6.2 Emission spectra (e=420nm) of
containing 1, 2, 3, 5, and 10 aligned layers.
600
LB films of 1
To analyze energy migration in these well-aligned LB films, emissive trapping sites
were deposited selectively on the surface of the films by dipping LB films into methanol
solutions of Acridine Orange (AO). AO was chosen as the low energy fluorescent trap
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because its emission and the absorption spectra are well separated from those of I and its
absorption spectra has good overlap with the emission of 1 as shown in Figure 6.3.
Additionally, AO exhibits very different solubility, which allows for films of 1 to be dip
coated in solutions of AO with varying concentrations. Irradiation at ,x, = 360 nm
results in selective excitation of the polymer, and any AO emission is the result of energy
transfer. Alternatively, AO can be directly excited by irradiation at 490 nm, an energy
below the bandgap of 1. Over the concentration ranges examined, the shape and position
of the AO emission are practically unchanged (Figure 6.4, inset). For concentration AO
in solution higher than 5x10 7 M, the red shift of AO fluorescence ( = 490 nm) and
broadening have been observed, indicating formation of AO aggregates. The beginning
of this process is observed in the inset of Figure 6.4 with a small red shift at high AO
concentrations. However, the monomer emission is still dominant. Hence, the quantum
yield of AO can be used to measure its relative concentration. It should be noted that only
data from low AO concentrations are used for the modeling (section 6.2.2).
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Figure 6.3 Normalized UV-Vis and fluorescence spectra of polymer 1 and AO.
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Figure 6.4 Emission ( = 360 nm) from a bilayer LB film of 1 treated with increasing
concentrations of AO in MeOH before dipping, at 0, x 10 a, 1 x 10^7, 3 x 10' 7, and 5 x
10 7 M. The inset shows the emission spectra of the same films when AO was
selectively excited at x, = 490 nm. The AO emission increases with higher
concentrations in the dipping solution, and these data were used to determine the relative
AO concentration.
In Figure 6.4, it is clearly observed that as the AO concentration increases the
fluorescence intensity of polymer 1 decreases and the emission from AO increases due to
effective energy transfer from 1 to AO. It also is important to note that the AO was found
to selectively localize at the film's surface. This localization can be deduced from the
constant ratio of AO fluorescence intensity between films of different thickness examined
immediately after dipping or after extended periods of time. Over the time of these
investigations, the AO emission intensity decreased, presumably due to sublimation,
while the polymer emission stayed constant. If AO had diffused into the interior of the
polymer films, film thickness-dependent changes are expected. The fact that the decrease
in AO emission was proportionally the same for different thickness samples indicates that
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it does not diffuse into the film. Polarization studies reveal that the AO transition dipole
is principally aligned parallel to the polymer chains.
There are variety of processes in these multilayer polymer film with the surface
emissive trap systems, including direct energy transfer to the surface trap from different
layers, energy transfer between polymer layers, and emission from the polymer and the
trap. The direct energy transfer to the surface AO from different layers is through space
energy transfer. In other words, it is the F6rster-type energy migration process. Therefore,
there is a limits'ion in distance between donor (polymer 1) and acceptor (AO) for
efficient energy transfer (Chapter 1). To verify this, various multilayer LB films were
fabricated and dipped into differing concentration of AO solution. By exciting polymer
layers only and monitoring the fluorescence intensity from AO, the energy transport
phenomena in these multilayer systems are systematically analyzed. As shown in Figure
6.5, the fluorescence intensity of AO is saturated approximately atl6 layers. In the next
section, the energy migration in the system is analyzed by computer modeling.
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Figure 6.5 Summary of AO fluorescence (ex = 360 nm, Xdet = 525 nm) obtained from
LB films of 1 with different numbers of layers and concentration of AO.
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6.2.1 Computer Modeling Analysis 9
Many different energy migration mechanisms in the multilayer LB films with AO
surface traps should be considered to formulate the necessary analytical equations of the
system. In Figure 6.6, direct energy transfer to the surface trap from different layers (kp.,),
energy transfer between layers (kp p), emission from the polymer (kp) and the trap (k,), and
the rate constants for the energy transfers and decay rates of the system are schematically
outlined for a multilayer film.
i \ k,
J
4
rap)
range (AC
Layer I)
Layer 2)
r Layer n)
J : The intensity of steady-state excitation
np, nt: Excitation population in polymer layers and traps respectively
kp = 1/Tp Decay rate of polymer, p: Excitation life time
kt = /Tt Decay rate of trap, Tt: The life time of trap
kptn : Rate constant for energy migration from polymer layer n to the trap
kppY : Rate constant for energy transfer between polymer layers i and j
Figure 6.6 Schematic representation and rate constants for a multilayer LB film of 1 with
an emissive trap placed at the film surface. The equations resulting from a steady-state
excitation population of the layers and the trap are shown.
Using a steady-state population of all excited species allows the formulation of
balanced Equations 1 and 2 for an N-layer system.
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N NI
-np(kp + kp, + + ,njkp p + J = (i = 1,2 .....N) (1)
-nk, + naik, = 0 (2)
The simplest case is a monolayer with AO. In this case the balance equations become
the equations below, and from the Equations 3 and 4, the Equations 5 and 6 are derived.
J = np kp + ;nip kp t (3)
n kp, = n, k, (4)
n, = [k',,J/( k',., + k,)]/ k, (5)
n, /n'p = k',p ,/ k, (6)
The fluorescence intensity of 1 should be proportional to np and that of AO should be
proportional to n,. Therefore Yt/Yp - n,/n1 = klp, / k,, where Yt and Yp are the emission
yields of trap and polymer, respectively. In accordance with a well-known result,20 the
average lifetime of an excitation () in an infinite one dimensional chain with randomly
distributed efficient quenching traps is r=1 /(2 WC2), where C is the trap concentration and
W is the hopping rate between neighbored sites. Hence, the steady state transfer rate, k/pt
that is inversely proportional to the lifetime, should be proportional to C2. In contrast, the
degree of energy transfer from monolayer 1 to AO, Yt/Yp that is proportional to k..t, has
a linear dependence on C (Figure 6.7). To account for k'pt being proportional to the trap
concentration, the system provides either one-dimensional energy migration with
inefficient trapping or two-dimensional transport.2 ' 22 In this well-aligned LB film, two-
dimensional energy migration is most likely considering that monolayer films of the
polymers organize into highly aligned structures thereby allowing the excitations to
undergo efficient interpolymer energy transport.
Figure 6.5 shows that the AO fluorescence intensity plotted against the relative trap
concentration for LB films with different numbers of layers. Two important points
should be mentioned from these curves. Increasing the number of polymer layers
increases the AO emission up to approximately 16 layers as discussed in the previous
section. It is also observed that the AO fluorescence has a linear concentration
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dependence at low concentrations of the AO trap. Recall that this feature was also
observed in the monolayer system. This last point leads to the conclusion that at low AO
concentration the steady state transfer rate in a monolayer film, kp,,. is less than k,= /p.
In the balance Equation 5, Y, k p., /( kipt -+ kp), and particularly if k'pt is < kp, Y can
only be proportional to kp t. The fact that the relative fluorescence of AO, Yt, increases
with increasing numbers of polymer layers is a direct indication of a transition to a three-
dimensional energy migration topology. The observation of saturation behavior in films
with higher number of layers is a manifestation of the diffusion length for energy
migration. Considering the thickness per layer of the LB films is llA, 23 and the
bimolecular F6rster radius for most organic compounds is 20-60A, it is believed that
excitation transfer between polymers must be involved as part of the mechanism for
energy transfer to the AO trap.
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Figure 6.7 Plot showing the linear dependence of Y,IYp (X = 360 nm)
as a function of AO concentration in a monolayer LB film of 1.
The Z-directional energy transfer should be analyzed to determine the optimum film
design toward the best sensitivity. If the interpolymer energy transfer terms kp,p are
omitted, the excitations from a given layer (i > 1) will be directly captured by the surface
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traps with a rate of kp., 1/((i - 1)1)6, where I is the thickness of one layer and there is
exclusively direct energy transfer. Even though real system should be more complicated,
the energy migration in a given layer is assumed to be fast for the excitation to arrive
within the layer at a point spaced (i - 1)1 from the AO trap. In this case, an expression for
Yt(N)lYt(1) = nt(N)/nt(J), Equation 7 is derived from Equations 1 and 2 with kp = O0. This
relationship can be given a functional form where kp,/1 = A < 1 and Iktpt/k = B/(i - 1)6
for (i > 1). However, in Equation 7, Yt(N) reaches saturation very fast and with any values
of A and B, the experimental data cannot be fit. As a result it is concluded that direct
energy transfer from 1 to AO is not the only mechanism for delivery of energy.
k' +k N kk, (I+ A) E B
R(N)=I+ P-'A = 1 i) 6 (7)
kp_, .2 k_, + kp A 2 B + (1- i)
Taking into account that there must be interpolymer energy migration in Z-direction
leads to Equation 8, where n'n is a solution of Equations 1 and 2 depending on the
parameters p-t/4k = A < 1, k'.t/, = B/(i - 1)6 for (i > 1), and kld//k, = D(i -_)6 . The
parameters B and D characterize the direct energy transfer to the surface trap from layer i
and the energy transfer between layers i and j, respectively. The best fit for the
experimental data obtained by a numerical solution of Equation 8 gives the following: D
> 102, A/B = 0.5, and A = 0.8-0.2. The correlation between experimental data and the
model fit is shown in Figure 6.8.
1+AN
R(N)=i+A sak,,n, (8)
The magnitude of D > 102 indicates that there is fast energy migration between
polymer layers. Substituting the radiative rate of the polymer into the relationship
indicates that k-p 6 x 10" . This value is consistent with typical FRrster energy
transfer rates in organic solids.24 Additionally, due to the fast excitation exchange
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between different layers (k'-' ' >> k,), the Y(N) dependence upon film thickness
should be greater than would be expected from the Fdrster radius.
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Figure 6.8 AO fluorescence Yt (normalized to that obtained for a single
monolayer) as a function of the number of layers. The experimental points were as
the slope of the linear region of the plot shown in Figure 6.5. The plot shows the
best fit of the experimental data by the modeling procedure (Equation 8).
Considering the excitation lifetime and the rate of energy transfer between layers, it is
found that the number of excitation hops, S, in the Z direction are in excess of 100 (for
simplicity only hops between nearest neighbor layers were considered). This result
yields a mean-squared displacement, or diffusion-length, which is > S, or about the
thickness of about 10 layers.
There are a number of limitations to this model and solutions that should be
noted. The fitting procedure requires A and B to be dependent parameters. This condition
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is justified by the fact that at low concentrations kp.t and kp, t (i > 1) are proportional to
the AO concentration. Using this restriction it is found that the ratio of CAB = 0.5
maintains a satisfactory fit over the range given, and for values of A < 0.2 the fit becomes
noticeably worse. The model does not explicitly describe the intralayer energy transport,
and uses the fact that intramolecular transport should result in fast intralayer transport
relative to interlayer transport. This results in an assumption that the excitation can arrive
at a distance of ~(i - 1)e from the trap. However, if there is a contribution from long-
range transfer to the traps combined with energy migration,2 5'2 6 a deviation from the l/(i -
1)6 distance dependence used in the model would be expected. Perhaps a more
significant limitation is the fact that the model does not take into account the energetic
disorder due to statistical distribution of conjugation lengths.'2 The model assumes that
excitations can move in all directions with equal rates. However, in these systems the
hopping rate is asymmetric between sites of different energy, and the excitations
preferentially migrate to sites with a lower energy. To our knowledge, the effect of
energetic disorder on the steady state transport properties of systems in restricted
geometry (Z in this case), which is distinct from transport in one- and three-dimensional
systems studied with pulsed excitation, 2' a7 is unknown.
6.3 Experimental
All solution measurements and spin-casting were performed using spectroscopic
grade chloroform. A detailed investigation of the Langmuir-Blodgett deposition of 1 and
the film thickness is described in Chapter 3. Films were deposited on hydophobic
substrates. Acridine Orange (AO) was obtained from Aldrich Chemical Co. and used
without further purification. The AO modified LB films were prepared by dipping films
into solutions of methanol solutions of the dye at concentrations varying from 5 x 10 -8 to
7 x 10 7 for 20 s followed by drying. Solution measurements utilized concentrations of 7
x 10-6/mole repeat I in CHC13. Spin cast films were prepared on a quartz substrate with a
spinning rate of 3000 rpm. UV-Vis spectra were obtained from a Hewlett-Packard
8452A diode array spectrophotometer. Fluorescence studies were conducted with a
SPEX Fluorolog-T2 fluorometer (model FL112, 450 W xenon lamp) equipped with a
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model 1935B polarization kit. Polymer thin film spectra were recorded by front-fe"c
(22.50) detection. All emission and excitation spectra were corrected for the detector
response and lamp output. The time-decay of fluorescence was determined by a phase-
modulation method using frequencies from 10 to 250 MHz using glucose water solutions
(scattering sample, =0, right-angle geometry) and methanol solutions of p-bis[2-(5-
phenyloxazolyl)]benzene (fluorescence, r=1.46 ns, front-face geometry) as standards.
The same polymer solution lifetimes (±5%) were obtained using these standards for both
front-face and right-angle geometries. The experimental errors were typically 2-4% in
the phase angle at lower frequencies and somewhat higher (5-8%) above 200 MHz. The
phase modulation curves were fit with the GLOBAL analysis program (University of
Illinois) and software developed in-house. The numerical solutions were obtained using
the NAG program that was developed in part by Dr. Levitsky at the Ukraine Academy of
Sciences, however the same solutions may be obtained by any mathematical program
capable of solving a series of linear equations.
6.4 Conclusions
The energy migration in anisotropic multilayer assemblies of polymer I display rapid
intralayer as well as interlayer energy transport. Interpolymer energy transport in this
system is dominated by dipole-dipole mechanisms that are facilitated by the alignment of
the molecules. The increase in the efficiency of energy migration to the surface traps
(larger AO emission, Yt) with increasing film thickness may seem counter-intuitive since
the relative AO concentration relative to that of the polymer is actually smaller in thicker
films. However, this increased trapping efficiency is direct manifestation of the transition
to a three-dimensional behavior that necessarily creates a more efficient trapping process.
The modeling has determined that the rate of energy transfer between layers exceeds 6 x
10l1 S]. This high rate results in a uniform excitation population throughout all the layers
of the films. The results of these studies are of interest for the design of more efficient
fluorescent-based sensors. It is clear from these studies that an optimal thickness will
exist in sensor schemes requiring trapping at the polymer surface. Additional
enhancements in the energy migration may be possible by creating multilayer structures
that provide vectorial energy transport in a specific direction (Chapter 10). This effect can
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be accomplished by using a ladder of bandgaps to direct the excitations to hopping sites
in the polymer films.
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Chapter 7
Mass and Energy Transport in Conjugated Polymer Langmuir-Blodgett
Films: Conductivity, Fluorescence, and UV-Vis Studies
A model thin film sensory system in which analytes diffuse into multilayers of a
fluorescent conjugated polymer has been investigated in this chapter. The film thickness
is precisely controlled by depositing discrete monolayers by the Langmuir-Blodgett
technique. The effects of analyte mass transport and energy migration on the
photophysical properties of the films were investigated by conducting UV-Vis,
fluorescence, and electrical conductivity measurements. Thin films show different
properties when compared to relatively thick films due to prevailing surface phenomena.
The diffusion constant of the analyte through the films is estimated to be - 7 x 10-14 cm2/s
from an analysis of a phenomenological model. A bilayer LB film exposed to the analyte
implies higher sensitivity in fluorescence quenching compared to a solution system due to
a fast interpolymer energy migration in the condensed phase. However as the number of
layer increases, the efficiency of fluorescence quenching decreases. The difference
between a sensory system with emissive surface traps and one with bulk distributed
quenching traps is discussed.
Parts of this chapter appear in: Levitsky, I. A.; Kim, J.; Swager, T. M. Macromolecules
2001, in press.
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7.1 Introduction
Fluorescence chemosensors based on conjugated polymers are self-amplifying and
display much higher sensitivity than analogous small molecule systems. The self-
amplification exhibited by these systems results from effective energy transport along the
polymer backbone and between polymer chains.1 '3' 4,5'6 In Chapter 6, it is demonstrated
that interpolymer energy migration is an important mechanism for the amplification of
sensory signals particularly in solid-state chemosensors.3 In that study, immobile
luminescent traps were placed on the surface of well-defined multilayer Langmuir-
Blodgett (LB) films of a conjugated polymer. A phenomenological model was used to
analyze the energy migration and deduce an estimate of the exciton's diffusion length and
the excitation's hopping rate.3 However, in most solid-state sensory systems, the analytes
will likely diffuse into the film, and establish a distribution depending on porosity of a
film and specific interactions between a sensory polymer and the analyte. In this case, the
polymer's response is expected to be somewhat different from the system with immobile
surface traps. Therefore, to determine universal design principles it is important to study
the influence of analyte mass transport and energy migration in a sensory polymer film
on the photophysical properties of the sensory film. In this contribution, a model system
in which a cationic analyte, paraquat (PQ) diffuses into multilayer LB films of a sensory
polymer is investigated. PQ is an effective fluorescence quencher and forms strong host-
guest interactions with the cyclophane-containing polymer, 1, used in this chapter. ' 2
From the studies of fluorescence quenching, electrical conductivity, and UV-Vis spectra
of the system, it is found that transport properties in the LB films depend considerably on
the number of LB layers. Thin 2- and 4-layer films in which the structure is different and
surface effects are dominant, are dramatically different than relatively thick films with
bulk properties. These results are in good agreement with a phenomenological model that
takes into account the distribution of the quenching traps (PQ) in the film and fast energy
migration along the polymer backbone.
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Polymer 1, Mn=81,200 PDI=3.4
7.2 Results and Discussion
UV-Vis spectra of a bilayer LB film of polymer 1 treated with different
concentrations of PQ solution in acetonitrile are presented in Figure 7.1(a). As the PQ
concentration increases, the absorption band shifts to longer wavelengths and at C >
8x10' s M the band intensity begins to decrease. The decreasing intensity arises from the
fact that 1 is gradually dissolved from the film in PQ solutions with higher concentration.
This was verified by conducting UV-Vis spectroscopy after rinsing the treated samples
with pure acetonitrile. This procedure removes deposited PQ and restores the initial shape
of the absorption spectra. For samples treated at low PQ concentration (C < 8x O10' M),
the spectra of the virgin films were fully recovered, but for C > 8x10'5 M the spectral
shape returns with a decreased intensity.
Figure 7.1(b) shows the differential absorption spectra of a bilayer LB film. The
initial UV-Vis spectrum (before PQ treatment) was subtracted from the spectra of the LB
films treated with varying concentrations of PQ solutions. The appearance of the band at
452 nm clearly indicates that PQ binding generates a new excited state with lower energy
than that of the pure polymer (ax = 432 nm). The maximum of differential 452 nm
absorption band is constant over the range of concentrations, and appears to be related to
charge transfer interactions. Previous studies have been performed on PQ showed that it
forms a 1:1 molecular inclusion complex with a bisparaphenylene-34-crown-10 (polymer
l's cyclophane) in the solid state as well as in solution.7' 8 9 The authors observed a charge
transfer absorption band at 435 nm corresponding to the complex formation in solution.9
In the following discussion, it has been elucidated that the new excited state acts as an
irreversible trap for excitations migrating in the film. The irreversibility comes from the
fact that Boltzman factor, e -aET, of the system is less than 0.01 at ambient temperature.
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The energy, AE, is the difference between the excitation energy and trap energy which
are the difference of their absorptions (approximately 0.127 eV). Figure 7.1(b) shows that
band intensity and consequently amount of bound PQ in the film increases with
increasing PQ concentration.
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Figure 7.1 UV-Vis spectra of a bilayer LB film of 1 treated with various concentrations
of PQ in acetonitrile. (a) Solid line: C = 0 M; 1, 2, 3 (dotted lines): C = 2x 10 5, 4x10O5,
8x10-5 M; 4: C = 2x10 4 M, 5: C = 6x104 M. (b) Differential absorption spectra of the
same film: normalized initial spectrum (solid line in (a)) was deducted from the spectra of
the film treated with PQ. The normalization of intensity was carried out at X = 415 nm,
where we assume that there is no absorption of the new band.
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Conductivity measurements on the LB films treated with PQ solutions (see
experimental section) were also carried out. Figure 7.2 shows the electrical currents of
various multilayer LB films treated with different concentration PQ solutions. All of the
data was collected after dipping the LB films into PQ solutions for 20 seconds. It was
observed that increasing dipping time leads to an increase of signal intensity for all films
except 2- and 4-layer films. This indicates that for the films with more than 8 layers, 20
seconds is not long enough for PQ molecules to penetrate down to the very bottom layer
to saturate the film. Thicker films display stronger signals, thereby indicating the
penetration of PQ molecules into a film. The binding constants of PQ with the polymer
and the diffusion constant will determine the amount of PQ absorbed into the film. As we
8
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Figure 7.2 Electrical current (see experimental section for details) of multilayer LB
films doped with various concentration of PQ solutions: from bottom to top 2-, 4-, 8-,
16-, 24-layer LB film.
observed in UV-Vis spectra, a decrease of the current of the film treated with PQ solution
at C > 8x10-5 M was observed, again due to the polymer's increased solubility under
those conditions. The current was less than 10'3 nA (background level) for a fresh film
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Mass and Energy Transport in a Sensory Film
after dipping into pure acetonitrile or for a sample previously treated with PQ that was
rinsed with pure acetonitrile three times. From these measurements, the conductivity of
undoped pure polymer 1 is determined to be less than 5x10" ( cm)' for a LB bilayer.
Such a low conductivity indicates a high purity for 1. For comparison, a very low
conductivity (5x10 -16 (O cm)') was found in a pure film of a PPV-ether derivative.l°
Therefore, the conductivity of LB films treated with PQ solutions must come from the
mobility of holes released by the capture of electrons by the bound PQ molecules. The
binding sites are most likely the electron rich macrocycles of the polymer that have an
association constant of 1,300 M ' in solution. However in a solid film, PQ binding may
also occur near macrocycles.7' 8' 9
I
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4.s
c 
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Figure 7.3 Relative intensity of the UV-Vis spectra of the new band at 452 nm and
electrical current as a function of the number of LB layers. Films were treated with a PQ
solution at 2x 10-5 M. Relative intensities were calculated relative to a 8-layer film. The
curves are the best fit for the experimental data. Experimental errors for the current data
were less than + 15%. UV-Vis data have experimental errors less than ± 25%.
The dependence of the charged complex absorption peak's intensity on the number of
LB layer at a PQ concentration of C = 2x 10 5 M is shown in Figure 7.3 (open circles).
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The dependence of current with an applied voltage of 2 V on the number of LB layers at
the same concentration of PQ solution is also shown in Figure 7.3 (full circles). Note that
the data for the thinner 2- and 4- layer films deviate from other data. This deviation can
be attributed to a prevalence of surface phenomena. The rather high value of UV-Vis
signal for the thin films can be explained by a strong PQ binding to the surface. The
specific morphology of the LB bilayer should also play an important role. The first layer
was deposited on a hydrophobic surface with a downstroke and all subsequent layers
were deposited with an upstroke. Hence the bottom two layers have distinct structure
with the macrocycles of each layer facing each other in a head-to-head arrangement." All
other layers have the macrocycles pointing toward the surface, and a head-to-tail registry
exists between layers. " l The electric current measurements for the thin films also showed
considerably smaller values than the thicker films. It is postulated that the surface
phenomena here again is responsible for the low current. It is well known fact that a
solid-air interface is an effective trap for mobile charges.'2
As the film thickness increases, for films of 8 layers or more the UV-Vis intensity
at 452 nm and the electric current show a consistent increase, presumably due to a
transition from surface to bulk properties. For a quantitative interpretation of the results, a
simple Fickian diffusion model was applied. As was mentioned, PQ distribution within
thick films is a consequence of bulk diffusion. Since the experiments were conducted at
room temperature, above l's Tg of -20 C, bulk diffusion should be facile. 3 '1 4 Moreover,
the specific structure and organization of 1 provides for a relatively large distance
between polymer chains since the head-to-tail organization of the macrocycles and the
bulky dialkylamide side chains keep the polymers apart and prevent ir-n aggregation." . s5
For simplicity, it is assumed that diffusion coefficient is constant and PQ binding with 1
is reversible with a thermodynamic equilibrium between bound (immobilized) and freely
diffusing molecules. The analysis in this chapter focuses on bound PQ, which is
responsible for the new UV-Vis band and the increase in conductivity. The measured
signal S (the new band and the electric current) can be expressed as S- fCb(x,t)dx, where
d is the film thickness, and Cb(x,t) is the concentration of bound molecules at time t and
distance x from the surface. According to an established result,16,17 if C(x,t) = R Cb(x,t),
the diffusion equation for a reversible reaction becomes:
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Cf (x,t) D a2C(x,t) (1)
At R+l Ox2
where Cjx,t) is concentration of free diffusing molecules, D is a diffusion constant, and R
is the constant defining the ratio between bound and free species. The amount of PQ in
solution is high enough compared to absorbed PQ in a film, so Co, the PQ concentration
at the film surface, is reasonably assumed as a constant. The solution of Equation 1 for
the experimental conditions of diffusion through a plane sheet with one impermeable
surface (glass slide in this case) and the other surface maintained at constant
concentration Co is given as:17
4C ~ (-1)"2-D(2 n+)2 I)=
Cf(x,t) =C o 4C I) 4(R+I)d cos ( (2)
r ,0 2n+l 2d
Integration of Equation 2 over a film thickness provides the S value, which was used for
comparison with experimental data. Data fitting was conducted for the LB films thicker
than 4 layers by using the adjustable parameters D/(R+I), a scaling cofactor at the fixed
time t, and the film thickness d.'8 It was determined that D/(R+I) values are 8x 10' 4 cm 2/s
and 6x10-14 cm2/s for the current and UV-Vis data, respectively. However, it was
impossible to perform a reasonable fit of the entire layers including 2- and 4-layer films.
This result is consistent with the previously described understanding that surface
phenomena and a different structure produce different behavior in the thin films. The
upper limit of the PQ diffusion coefficient can be estimated at approximately 7x10'14
cm2/s. This is a reasonable magnitude when compared to literature values of diffusion
coefficients for organic molecules in polymer films. 1'4 '7'" 9 The computed concentration
profiles, C(x,t)/Co, at t=20 s with D = 7x10' 14 cm2/s for the films with varying number of
layers are shown in Figure 7.4. Even though this model has a number of limitations; for
example it excludes any consideration of a concentration dependent diffusion coefficient
and non-Fickian diffusion,20 the modeling was in a satisfactory agreement with the
experimental data.
Fluorescence studies were conducted to interrogate energy transport in multilayer
LB films. PQ is a very effective fluorescence quencher for 1.1 In a solid film, wherein
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Figure 7.4 The relative concentration profile of absorbed PQ distribution (C/(x,t)/Co)
in various number of LB films. The plots were produced with the Equation 2 at t=20 s
and D = 7x10' 14 cm2/s. The thickness of each layer of multilayer LB films of 1 was
estimated to be 11 A." 
efficient intermolecular energy transfer occurs in addition to energy migration along a
polymer backbone, a much more facilitated fluorescence quenching of 1 by PQ can be
expected.2 Excitations in a condensed phase perform 2-D and/or 3-D random walks,
visiting more new sites as compared to isolated polymer chains with a quasi 1-D
geometry.T In addition, the alignment of the polymer main-chains (transition dipole
moments), which have been previously shown for 1 when deposited by the LB technique
should increase the F6rster energy transfer effieciency.3 Comparisons of the quenching
efficiency between in the solution and in the LB films qualitatively supports the
expectation. In previous solution studies the quenching, Q, was 78% when the molar
concentration of PQ is 3.56 x 105 M (Q = I - I/Io, where Io and I are fluorescence
intensity without and with PQ, respectively).' Whereas, for a bilayer LB film it was
found that Q = 93% at a PQ concentration of 4.00 x 106 M. Therefore, higher quenching
is observed although the concentration of PQ was approximately one order of magnitude
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less than the solution case. This difference cannot be induced by only different binding
characters of PQ on the film, but must also be related to the fast transport of excitons in
highly aligned films. Fluorescence spectra of a 16-layer LB film of 1 treated with
increasing concentrations of PQ in acetonitrile are shown in Figure 7.5.
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Figure 7.5 Fluorescence spectra of a 16-layer LB film of 1 treated
with various concentration of PQ solution in acetonitrile.
Figure 7.6 shows quenching, Q, of four different thickness LB films treated with
varying concentrations of PQ. Increases in thickness leads to a decrease of the quenching
efficiency. Initially the result appeared contradictory to the previous results, where
diffusion length of excitations, migrating along Z direction (film thickness direction),
exceeded 10 LB layers of 1.3 Therefore, an increase of number of layers was expected to
facilitate energy migration and consequently more efficient fluorescence quenching due
to the transition from a 2D to a 3D geometry. However here, it has to be considered the
difference between immobilized emissive surface traps and quenching traps distributed in
a film. Even though the length of excitations exceeds 10 LB layers, only a fraction of the
excitations from remote layers reach the emissive surface traps. As the distance increases
the fraction reaching the surface decreases. In the case of emissive surface traps, within
the long-range limit of the excitation migration distance, emission fiom surface traps
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Figure 7.6 Fluorescence quenching Q (- I/o) of LB films as a function of
PQ concentration in acetonitrile. Experimental errors were less than ±10%.
increases due to the energy transfer from the remote layers.3 However, quenching traps
especially distributed within a film creates a different situation. From the previous result
that intralayer energy migration is much faster than interlayer migration3 and the
quenching trap distribution profiles (Figure 7.4), the lowering quenching efficiency as the
number of layer increases can be explained. The concentration of traps in remote layers
(closer to the substrate) is much lower than it is at the surface. Therefore while the layers
close to the surface lose fluorescence due to a fast intralayer energy migration, remote
layers are not effectively quenched. In a thick film the portion of layers with relatively
low trap concentrations prevail, and the quenching efficiency decreases with increasing
numbers of layers. In addition, it should be noted that in the previous experiment, the
energy migration parameters for the direction normal to the surface were obtained
exclusively with immobile surface traps. Unlike the case of emissive traps wherein direct
F6rster energy transfer can occur from remote layers, the quenching PQ traps likely
function by electron transfer, thereby reducing the efficiency of long-range energy
transfer.
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7.3 Experimental
A detailed investigation of the Langmuir-Blodgett deposition of polymer 1 and the
determination of film thickness was discussed in the Chapter 3." The LB films are
transferred from the air-water interface to substrates at the surface pressure of 18 mN/m.
Films were deposited on hydrophobic substrates. Paraquat (PQ) was obtained from
Aldrich Chemical Co. and used without purification. The PQ treated LB films were
prepared by dipping LB films into PQ solutions in acetonitrile at concentrations varying
from 2x 1 0 6 to 6x 104 M for 20 s followed by drying. UV-Vis spectra were obtained from
a Hewlett-Packard 8452A diode array spectrophotometer. Fluorescence studies were
conducted with a SPEX Fluorolog-T2 fluorometer (model FLI 12, 450 W xenon lamp)
equipped with a model 1935B polarization kit. Fluorescence spectra of the LB films
were recorded in front-face (22.50) detection mode. All emission and excitation spectra
were corrected for the detector response and the lamp output. For electrical current
measurements, LB films were coated on electrodes (Abtech Co.) with 50 interdigitated
microelectrode pairs: digit length = 4,985 m, digit width and interdigit space = 5m,
digit height = 0.25 nm. Electrical current measurements (dc current) were carried out in
an evacuated box in an ambient atmosphere with a PGSTAT-20 potentiostat (Echo
Chemie Autolab). The current was measured at 3 min after application of the voltage of 2
V to get a stabilized value. The current of the sample treated with pure acetonitrile was
used as a reference before each measurement with PQ solution treatment. The
conductivity was calculated from the geometry of the interdigitated electrode and the
thickness of a LB bilayer." The numerical solutions were obtained using the NAG
program (FORTRAN library), which was developed in part by Dr. Igor A. Levitsky at the
Ukraine Academy of Sciences, however the same solutions may be obtained by any
mathematical program capable of numerical summation and integration.
7.4 Conclusions
In this chapter, mass and energy transport in sensory LB films have been investigated
from UV-Vis, fluorescence, and electric conductivity measurements. The diffusion
coefficient of a quenching trap into a sensory film is rather low, - 7 x 10-'14 cm2/s. Unlike
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the case of emissive surface traps, the sensitivity of sensory LB films to a quenching trap
distributed within a film decreases as the number of layer increases. This result is due to a
fast intralayer energy migration and less effective long-range energy migration. The
results of this study provide important insights for the improved designs of fluorescence
quenching-based sensory films.
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Chapter 8
Ion-specific Aggregation in Conjugated Polymers:
Highly Sensitive and Selective Fluorescent Ion Sensors
The intermolecular aggregation effects on optical properties of a conjugated polymer
have been utilized in development of a sensory system. Four PPEs with 15-crown-5 side
groups that function as a potassium sensor were synthesized. Three are copolymers with
different size side groups on alternating repeating units, and the other is a homopolymer
containing 15-crown-5 in every repeating unit. The copolymers selectively detect K+
over Na+ and Li+ by intermolecular aggregation induced by 2:1 complexes among 15-
crown-5s and K+. The detection mechanism is verified to be intermolecular aggregation
by controlling the bulkiness of the side groups on every other repeating unit. The
homopolymer is unresponsive to K+, Na+ or Li+, and in this case K+ forms an entropically
favored intramolecular bridge between two neighboring 15-crown-5s. Molecular
simulations support the mechanism and show that the distance between 15-crown-5s in
the homopolymer is optimum for forming an intramolecular bridge with K+.
Alternatively, modeling indicates the distance between 15-crown-5s in the copolymers to
be too large to form an intramolecular bridge. A highly selective and sensitive K+
chemosensor has been developed from these ion specific intermolecular aggregation
phenomena.
Parts of this chapter appear in: Kim, J.; McQuade, D. T.; McHugh, S. K; Swager, T. M.
Angew. Chem. Int. Ed. 2000,39, 3868.
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8.1 Introduction
Conjugated polymers are emerging as versatile elements for the design of chemical
sensors. 1'2 An expansive range of structures are known, thereby allowing facile tuning of
properties by modification of the polymer backbone or the introduction of side groups. A
variety of transduction methods that modify a conjugated polymer's emission and
conductivity are possible, including photochemically induced electron transfer, doping,
conformational changes, and metal ligation. ' 2 , 4' 5' 6 In addition, as discussed in the
Chapters 2 and 4, interpolymer interaction also has enormous effects on the intrinsic
optical properties of conjugated polymers. Particularly in this condensed phase,
interchain interactions play a decisive role in controlling a conjugated polymer's emissive
properties.7'8'9' ,101112 Therefore, a system in which conjugated polymers containing
receptors that promote supramolecular self-assembly in response to a target analyte
would be powerful chemosensor systems since biding events can cause a dramatic change
of the emissive properties of polymers. Nevertheless no sensory system, which directly
exploits interchain interactions in conjugated polymers, has been reported.
In this chapter, a new transduction mechanism based on K+ induced aggregation of
conjugated sensory polymers is developed, and the design parameters are systematically
discussed. This system displays enhanced sensitivity due to energy migration processes
and has high selectivity for K+ over Na+. The polymer design takes advantage of the well-
known 2:1 sandwich complex formed between K+ and 15-crown-5. Recently several
papers have reported K+ sensors based on 15-crown-5 groups that respond to K+ by
altering either the absorbance or fluorescence spectra of the ionophore.'1 3' 14'5 As reported
the absorbance change was due to conformation change and the fluorescence change
came from excimer formation. The newly designed poly(p-phenylene ethynylene) system
in this chapter also has a high sensitivity with the advantage of dual detection methods,
both UV-Vis and fluorescence spectra.
8.2 Results and Discussion
The chemical structures and molecular weights of the synthesized poly(p-phenylene
ethynylene)s were shown in Scheme 8.1 (2-S and 2-L designated short and long
polymers, respectively). The polymers were synthesized via the Sonogashira-Hagihara
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coupling reaction. 16 The molecular weights were determined by GPC relative to
monodisperse polystyrene standards. To produce a selective ion sensor, many efforts
were made to design a system in which potassium ions will induce polymer aggregation
whereas sodium ions will not. To accomplish this, the well-known 2:1 sandwich
complex formed between K+ and 15-crown-5 were applied in the polymer design.'7
Potassium ions cause the polymers to aggregate, thus creating low energy traps in the
electronic structure of polymers. Energy migration to these traps can result in a large
response even at a dilute analyte concentration.
I Mn=19,600 PDI=2.5
OC0H 21
2 2-S Mn=4,700 PDI=3.1
2-L Mn=36,000 PDI=3.2
0 9
\o)
n
OCIH 2 1
3 Mn=66,000 PDI=1.9 4 Mn=8,100 PDI=2.0
Scheme 8.1 Chemical structures and molecular weights of polymers 1 - 4.
The ions Li+ or Na+ form 1:1 complexes with 15-crown-5, and exert no observable
effects on any of the spectroscopic properties of the polymers. The absorbance and
fluorescence spectra of polymer 1 in solution were essentially unchanged even after
adding 1500 fold excess of Li+ or Na+. In contrast, addition of K+ to a solution of
polymer 1 produced a new red shifted peak at 457 nm in the absorption spectra and
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fluorescence quenching as shown in Figure 8.1. The results discussed in Chapters 2, 4,
and 5 and previous studies in other research groups provide substantial evidence that the
new peak and quenching are the result of interpolymer rn-stacking aggregation7 '8 '9t0 1.,12,18
which in this case is induced by K+ bridges between two 15-crown-5 on different
polymer chains as depicted in Scheme 8.2.
350 400
Wavelength (rmn)
i
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450 500 450 500 550 600
Wavelength (nm)
Figure 8.1 (a) Absorbance and (b) fluorescence spectra of polymer 1 in various mole
ratios with K+. A KPF6 (18 mM) solution in acetonitrile was added gradually to a 5 M
3.6 mL polymer solution in THF. The spectra indicated by the arrow were taken at
progressively higher ratio of K+ to 15-crown-5: [15-crown-5]:[K+] = 1:0, 1:0.5, 1:1,
1:2.5, 1:5, 1:10, and additionally at 1:20, 1:50, 1:100 for the fluorescence spectra. The
polymer was excited at 343 nm.
7t-aareaated state induced by
Randomly oriented isolated state [15-crown-S]-K+-[15-crown-5] bridges
Scheme 8.2 Schematic representation of the K+-induced aggregation.
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The effectiveness of the interpolymer i-stacking aggregation can be governed by the
bulk of side groups attached to the polymer.18 Polymer 2 with only two methyl groups in
every other repeating unit offers the least resistance to forming interpolymer x-stacking
aggregates, and displays the most pronounced aggregation, which is noticeable with
visual inspection (Figure 8.2). The fluorescent quenching of polymer 2 is most sensitive
U,,
0.4
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Figure 8.2 (a) Absorbance and (b) fluorescence spectra of polymer 2-L in various mole
ratios with K+. A KPF6 (18 mM) solution in acetonitrile was added gradually to a 5 LtM
3.6 mL polymer solution in THF. The spectra indicated by the arrows were taken at
progressively higher ratio of K+ to 15-crown-5 : [15-crown-5]:[KI = 1:0, 1:0.5, 1:1,
1:2.5, 1:5 and the dashed lines are data from a monolayer LB film. The intensities of
spectra of LB films were adjusted for clarity. The polymer was excited at the pseudo
isosbestic point, 343 nm, for the K+ dependent fluorescence spectra.
and an 82% decrease in intensity at 452 nm is observed with a 1:0.5 (5.0 gM:2.5 gM)
mole crown-ether/potassium ratio (Figure 8.2). This ion specific aggregation and
consequent fluorescent quenching are stable for extended periods. There was no
precipitation and the spectroscopic properties remained unchanged for 3 weeks at
ambient temperature. In the presence of K+, polymer 2 is only weakly emissive with a
broad aggregate band centered at 540 nm. The complete disappearance of the non-
aggregated polymer peak indicates much more effective aggregation than polymer 1
(Figure 8.2(b)). One explanation for polymer l's lower response is its ability to form a
lariat ether type complexation between 15-crown-5 and the methoxy oxygen bound to the
151
Chapter 8
Fluorescent Ion Chemosensors
phenyl of next repeating unit. This binding competes with this 2:1 sandwich complex
and thereby results in less effective aggregation.
To prove that the sensory response results from interpolymer n-stacking aggregations,
a completely aggregated film of polymer 2 was prepared by utilizing its surfactant
properties and the Langmuir-Blodgett method.12' 19 Polymer 2 has hydrophobic decyloxy
groups para to the hydrophilic 15-crown-5, and based upon previously established studies
and the extrapolated area per repeating unit (37 A2 per phenylene ethynylene unit) it was
determined hat polymer 2 forms an edge-on structure at the air-water interface (Scheme
8.3).12 '19 Therefore, the conjugated n-planes face each other to form -stacked
aggregates. The absorption and fluorescence spectra of a monolayer Langmuir-Blodgett
film of polymer 2 on a hydrophobic substrate are essentially the same as solutions with
K+ induced aggregation (Figure 8.2).
air
water
Scheme 8.3 Schematic representation of the edge-on structure
of polymer 2 (2-L) at the air-water interface.
The exciton transport properties of conjugated polymers have been shown to produce
sensory signal amplification. ° In this scheme, a longer polymer should have higher
sensitivity at low analyte concentration than a shorter polymer. This assertion does
require that the excitons are able to sample the entire polymer chain. The lifetime and
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mobility of an exciton in polymers, similar to those presented here, allows the exciton to
sample up to 108 phenylene ethynylene repeating units.20 In good agreement with these
concepts, the higher Mn polymer 2 (2-L) revealed a higher sensitivity than the shorter
polymer 2 (2-S) as shown in Figure 8.3. However, the amplification effect is less than
Mole ratio [I 5-crown-5]:[cation]
1:0 1:0.2 1:0.5 1:1 1:1.5 1:2.5
o
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Figure 8.3 Fluorescence quenching of polymer 2 by various concentrations of cations.
I = Fluorescence intensity of 5 M polymer 2 solution at 452 rm without cations,
I = Fluorescence intensity of 5 iM polymer 2 solution at 452 nm with various
concentration of cations.
expected. The increase of the aggregation peaks in the UV-Vis spectra and fluorescence
quenching both indicates a cooperative response to K+. It is postulated that the initial K+
bridging brings two polymers closer together providing pre-organized sites for K+
bridges. Therefore, subsequent bridgings between the two polymers are preferred over
aggregation with other isolated polymer chains. Since just a few aggregated sites are
required to quench two polymers, highly concentrated, unnecessary abundant K+ bridges
make amplification effect less than an ideal case of dilute potassium bridges among
polymer chains. It is worth to explore the effect of crown ether concentration per
polymer on the sensitivity to K+ as an extension of this work.
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Increasing interchain bulk should stifle interpolymer aggregation and lower the
response to potassium ions. To test this hypothesis, polymer 3 was synthesized with
isopropyl side groups (Scheme 8.1). Accordingly, polymer 3 shows no significant
spectral changes upon adding Li+, Na+ or K+, indicating the isopropyl groups are
sufficiently bulky to prevent x-stacking aggregation with any ion.18
The distance between 15-crown-5 groups in a single polymer chain is also a key
design parameter. Surprisingly, polymer 4, with 15-crown-5 on every repeating unit, is
irresponsive to K+, Na+ or Li+ even though it has twice higher number density of 15-
crown-5 in the backbone. An explanation is that the distance between 15-crown-5 groups
in polymer 4 favors, based on entropic considerations, the formation of intrapolymer
bridges. The favorable intrapolymer (15-crown-5)-K+-(15-crown-5) bridge is in accord
with molecular modeling. All calculations were performed using the Spartan 5.0
molecular modeling program running on a SGI 02 (R12000) work, ' ?.2 1 Geometry
optimizations were performed using molecular mechanics with MMEr'94 force field
without constraints. 22 Polymer 4, which is not regioregular, can form three isomeric K+
complexes (Figure 8.4). Polymers 1, 2, and 3 with 15-crown-5 on every other repeating
unit can only form intrapolymer bridges with severe twisting and bending of the polymer
backbone. Therefore, intrapolymer binding is unlikely, and K forms interpolymer
bridges as illustrated in Scheme 8.2.
/ \
Figure 8.4 Potassium complex with model compounds that represent different regio
isomeric dyads in polymer 4. (a) 2,3'-di(oxymethylene 15-crown-5) diphenylethyne,
(b) 2,2'-di(oxymethylene 15-crown-5) diphenylethyne, (c) 3,3'-di(oxymethylene 15-
crown-5) diphenylethyne.
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8.3 Experimental
8.3.1 General Methods
Polymer solutions (5 aM) in THF and 18 mM cation solutions (LiCI04, NaCI04, and
KPF6) in acetonitrile were prepared such that I paL of cation solution and 3.6 mL of
polymer solution have equimolar ratio of cations and 15-crown-5 side groups.
Investigation of any possible counter anion effect by using LiPF6 and NaPF6 concluded
that there is no counter anion effect. The detailed Langmuir-Blodgett film formation
methods are discussed in Chapter 3.
8.3.2 Synthesis and Characterization
.~ ~ 2 0,a.K
K2CO3,cat. KI
Acetone,75 ° C
/-oco°
1 ,o ),
-I
OTs
Pd(PPh3 )4, Cul
Polymer 1
Toluene, DIPA
1-(2-methyleneoxy-15-crown-5)-4-decyloxy-2,5-diiodobenzene (5). A 50 mL round
bottomed flask equipped with a stir bar and a condenser was charged with 1,4-diiodo-3-
decyloxyphenol' 9 (0.98 g, 1.96 mmol, I eq.), (2-p-toluenesulfonyl)methyleneoxy)-15-
crown-5 (0.87 g, 2.15 mmol, 1.1 eq.), potassium carbonate (0.82 g, 5.94 mmol, 3 eq.),
potassium iodide (33 mg, 0.201 mmol, 0.1 eq.), and acetone (25 mL). The mixture was
heated to reflux for 48 hours and then allowed to cool to room temperature. The reaction
mixture was partitioned between ethyl acetate (100 mL) and water (100 mL), and then
the organic layer washed with water (100 mL). Evaporation of the organic layer gave
viscous brown oil, which was chromatographed (75% Ethylacetate/25% CH2C 2, Rf =
0.41 to 0.25, streak) to afford light yellow, viscous oil that solidified upon standing (1.30
g, 92%). 'H NMR (250 MHz, CDC13): 8 = 7.22 (s, IH), 7.16(s, IH), 4.10-3.80 (br m,
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7H), 3.75-3.55 (br m, 16H), 1.80 (qn, J- 8.0 Hz, 2H), 1.55-1.20 (br m, 14H), 0.88 (t, J 
6.9 Hz, 3H); 13C NMR (125 MHz, CDC13): 8 = 152.96, 152.60, 122.70, 122.62, 86.22,
85.94, 77.93, 71.22, 70.87, 70.84 (br), 70.80, 70.78, 70.57, 70.52, 70.50, 70.44, 70.27,
31.83, 29.48, 29.47, 29.25, 29.20, 29.06, 25.95, 22.61, 14.07; HR-MS: calcd for
C27H44I1207 (M+): 734.1177, found: 734.1159.
Polymer 1. A 10 mL Schlenk flask equipped with a stir bar was charged with 1-(2-
methyleneoxy-15-crown-5)-4-decyloxy-2,5-diiodobenzene (5) (64 mg, 86.5 mol, 1 eq.),
2,5-diethynyl-4-decyloxyanisole' 9 (27 mg, 85.8 Igmo!, 1.03 eq.), and copper(I)iodide (1.6
mg, 8.40 Mnol, 0.06 eq.). The flask was placed under argon, and tetrakis-
(triphenylphosphine)palladium (0) (10 mg, 8.65 punol, 0.06 eq.) was added under a
nitrogen atmosphere. Toluene (3.0 mL) and diisopropylamine (1.50 mL, 11 mmol, 111
eq.) were successively added by syringe, and the mixture was stirred at 600C for 24
hours. The cooled polymer solution was precipitated in methanol, filtered, and rinsed
with hot methanol. After drying under high vacuum, bright yellow polymer 1 was
obtained. H NMR (250 MHz, CDC13) 8 = 7.04 (br, m, 4H), 4.20-3.50 (br, m, 28H), 1.86
(br, m, 4H), 1.60-1.15 (br, m, 28H), 0.87 (t, J= 6.9 Hz, 6H); GPC: Mn = 19 600; PDI =
2.5.
K103, 12 AcH TMSA,PdCI2(PP h) 2
H2S04,0C Cul,Toluene,DIPA
. so,,o~ o
U
KOH,THF,MeOJ
7 
Pd(PPh3)4Cl Polymer2
Toluene, DIPA
U U
1,4-Diiodo-2,5dimethylbenzene (6). p-Xylene (15.9 g, 0.15 mol) was combined
with potassium iodate (13 g, 0. 061 mol) and iodine (42 g, 0.165 mol) in 500 mL of acetic
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acid, 15 mL of sulfuric acid and 50 mL of water. The reaction flask was fitted with a
reflux condenser and the reaction was refluxed for 6 hrs. The cooled reaction mixture
was poured over an ice water slurry slowly. The excess iodine was quenched by adding a
saturated solution of sodium thiosulfate until the color changed from purple to tan. The
product was filtered and recrystallized from ethanol providing the desired product as a
pure crystalline solid in 54% yield. H NMR (250 MHz, CDCI3) 6 = 2.32 (s, 6H), 7.62 (s,
2H) ppm; MS m/z (relative intensity) 358 (M+), 231, 127.
Compound (7). 1,4-diiodo-2,5-dimethylbenzene (6, 3 g, 8.4 mmol) was combined
with copper(I) iodide (80 mg, 0.42 mmol) and PdCI2(PPh3 )2 (295 mg, 0.42 mmol). The
solids were evacuated on a vacuum line and back filled with argon, this procedure was
repeated 3 times. The solids were suspended in 44 mL of toluene and the trimethylsilyl
acetylene was added dropwise. To the stirred reaction was added diisopropylamine (2.9
mL, 20 mmol). The reaction was heated to 500 C for 14 hrs. The cooled reaction was
filtered through a plug of silica, concentrated and recrystallized yielding 75% of a white
crystalline material. H NMR (300 MHz, CDCI3) = 0.250 (s, 19H), 2.34 (s, 6H), 7.25 (s,
2H) ppm; '3C NMR (75.5 MHz, CDC13) 8 = 0.07, 19.89, 99.50, 103.72, 122.84, 132.72,
137.46 ppm; HR-MS: calcd for Cl8H26Si2 (M+): 298.1573, found: 298.1582.
Compound (8). Compound 7 (1.5 g, 5.03 mmol) was dissolved in 7.5 mL of THF
and 10 mL of MeOH. The solution was degassed by sparging with argon for 30 min.
Solid KOH (677 mg, 12 mmol) was added and the reaction was stirred under an argon
atmosphere for 14 hrs. The reaction mixture was concentrated and the aqueous layer was
extracted with chloroform. The chloroform was dried, concentrated and the crystalline
material was recrystallized from ethanol yielding 65% of an off-white crystalline solid.
'H NMR (300 MHz, CDCI3) 6 = 2.38 (s, 6H), 3.32 (s, 2H), 7.30 (s, 2H) ppm; 13C NMR
(75.5 MHz, CDCl 3) = 20.56, 82.82, 82.87, 123.01, 133.98, 138.52 ppm; HR-MS: calcd
for Cl2HIo (M+): 154.0782, found: 154.0780.
Polymer 2. Compound 8 (30 mg, 0.197 mmol) and compound 5 (124 mg, 0.187)
were combined in a Schlenk flask and pumped into a glove box where Pd(PPh3)4 (11 mg,
9.5 gnol) and copper (I) iodide (2 mg, 10.5 mrnol) were placed into the flask. The flask
was removed from the glove box and placed under an argon atmosphere. The solids were
dissolved in 6 mL of air-free toluene and 2 mL of air-free diisopropylamine. The off-
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yellow solution was heated to 600 C and stirred. After 5 min the solution became brightly
fluorescent blue under 380 nm light, the fluorescence shifted to green over the next hour
and remained over the entire 2-day stirring period. A dilute sodium bicarbonate solution
was added and the biphasic mixture was stirred for 15 min. The washing was repeated
twice after which the polymer was precipitated into a 50:50 mixture of acetone and
methanol. The yellow precipitate was filtered and washed with hot methanol/water hot
methanol and hot acetone. The material was collected and dried under vacuum yielding
80% of a fluorescent, yellow solid. H NMR (300 MHz, CDCl3) 8 = 0.871 (br t, 3H),
1.249 (br s, 24 H), 1.57 (br m, 2 H), 1.864 (br m, 2 H), 2.093 (s, 3H), 2.5 (br s, 6 H), 4.04
(br t, 2 H), 4.27 (br t, 2 H), 4.82 (br t, 2H), 7.01 (s, 1H), 7.02 (s, 1 H), 7.38 (s, 1 H), 7.40
(s, IH) ppm, GPC Mn = 24 000; PDI = 2.2.
K103,12,AcOH TMSA, PdCI2(PPh 3) 2
H2SO4,0 C I Cul,Toluene,DIPA
9 0 -10
_ -0 
/i.
KOH,THF,MeC Pd(PPh3) 4 C ul
-- Polymer 3
Toluene, DIPA
OC.1nH. _-
11 5
1,4-Diiodo-2,5-diisopropylbenzene (9). p-Diisopropylbenzene (24.3 g, 0.15 mol) was
combined with potassium iodate (13 g, 0.061 mol) and iodine (42 g, 0.165 mol) in 500
mL of acetic acid, 15 mL of sulfuric acid and 50 mL of water. The reaction flask was
fitted with a reflux condenser and the reaction was refluxed for 6 hrs. The cooled reaction
mixture was poured over an ice water slurry slowly. The excess iodine was quenched by
adding a saturated solution of sodium thiosulfate until the color changed from purple to
tan. The product was filtered and recrystallized from ethanol providing the desired
product as a pure crystalline solid in 25%. 'H NMR (300 MHz, CDCI3) 8 = 1.20 (d,
J=-6.9, 12H), 3.07 (sept, J=-6.9, 2 H), 7.62 (s, 2 H) ppm; '3 C NMR (75.5 MHz, CDCl 3) 8 =
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23.07, 37.52, 101.42, 136.45, 149.72 ppm; HR-MS: calcd for Ci2 H, 612 (M+): 413.9342,
found: 413.9354.
Compound (10). 1,4-diiodo-2,5-diisopropylbenzene (9, 5 g, 12 mmol) was
combined with copper(I) iodide (115 mg, 0.60 mmol) and PdCI2(PPh3)2 (424 mg, 0.60
mmol). The solids were evacuated on a vacuum line and back filled with argon, this
procedure was repeated 3 times. The solids were suspended in 62.5 mL of toluene and
the trimethylsilyl acetylene was added dropwise. To the stirred reaction was added
diisopropylamine (4.2 mL, 30 mmol). The reaction was heated to 50C for 14 hrs. The
cooled reaction was filtered through a plug of silica, concentrated and recrystallized
yielding 89% of a white crystalline material. H NMR (300 MHz, CDCI 3) 8 = 0.07 (s,
18H), 1.035 (d, J-7, 12 H), 3.16 (sept, J=7, 2 H), 7.10 (s, 2 H) ppm; 13C NMR (75.5
MHz, CDCI 3) 6 = 0.448, 23.23, 31.54, 99.65, 104.40, 122.60, 129.42, 148.26 ppm; HR-
MS: calcd for C22H34Si2 (M+): 354.2199, found: 354.2189.
Compound (11). Compound 10 (3.65 g, 10.2 mmol) was dissolved in 20 mL of THF
and 15 mL of MeOH. The solution was degassed by bubbling argon through the solution
for 30 min. Solid KOH (1.72 mg, 31 mmol) was added and the reaction was stirred under
an argon atmosphere for 14 hrs. The reaction mixture was concentrated and the aqueous
layer was extracted with chloroform. The chloroform was dried, concentrated and the
crystalline material was recrystallized from ethanol yielding 84% of an off-white
crystalline solid. 'H NMR (500 MHz, CDC13) 6 = 1.24 (d, =-7, 12 H), 3.15 (s, 2H), 3.40
(sept, F-7, 2 H), 7.36 (s, 2 H) ppm; 13C NMR (75.5 MHz, CDC13) 6 = 22.98, 30.95,
81.76, 82.31, 121.61, 129.61, 148.15 ppm; HR-MS: calcd for C16H, 8 (M+): 210.1408,
found: 210.1404.
Polymer 3. Compound 11 (32.8 mg, 0.156 mmol) and compound 5 (100 mg, 0.149)
were combined in a Schlenk flask and pumped into a glove box where Pd(PPh3)4 (8.6 mg,
7.4 pmol) and copper (I) iodide (1.4 mg, 7.3 munol) were placed into the flask. The flask
was removed from the glove box and placed under an argon atmosphere. The solids were
dissolved in 7.5 mL of air-free toluene and 2.5 mL of air-free diisopropylamine. The off
yellow solution was heated to 60°C and stirred. After 5 min the solution became brightly
fluorescent blue under 380 nm light, the fluorescence shifted to green over the next hour
and remained over the entire 2-day stirring period. A dilute sodium bicarbonate solution
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was added and the biphasic mixture was stirred for 15 min. The washing was repeated
twice after which the polymer was precipitated into a 50:50 mixture of acetone and
methanol. The yellow precipitate was filtered and washed with hot methanol/water hot
methanol and hot acetone. The material was collected and dried under vacuum yielding
90% of a fluorescent, yellow solid. H NMR (300 MHz, CDCl3) 8 = 0.87 (br t, 3H), 1.24
(br s, 24 H), 1.42 (br d, 12 H), 1.57 (br m, 2 H), 1.864 (br m, 2 H), 2.093 (s, 3H), 3.6 (m,
2 H), 4.04 (br m, 2 H), 4.27 (br t, 2 H), 4.82 (br t, 2H), 7.01 (s, IH), 7.02 (s, I H), 7.38 (s,
1 H), 7.40 (s, 1H) ppm, GPC Mn = 225 000; PDI - 2.4.
TMSA,PdCI 2(PPh )2 TBAF
Cul,Toluene,DIPA MeOH
OCoH 21
+ 
12 13
Pd(PPh)4Cul
- Polymer4
Toluene, DI PA
1-(2-methyleneoxy-15-crown-5)-4-decyloxy-2,5 bis((trimethylsilyl)ethynyl)benzene
(12). A 10 mL Schlenk flask equipped with a stir bar was charged with 1-(2-
methyleneoxy- 15-crown-5)-4-decyloxy-2,5-diiodobenzene (5) (0.30 g, 0.41 mmol, I eq.),
trans-dichlorobis-(triphenylphosphine)palladium (11) (9.1 mg, 13 runol, 0.03 eq.), and
copper(I)iodide (4.8 mg, 25 pmol, 0.06 eq.). The flask was placed under argon, and then
toluene (7.50 mL) and diisopropylamine (0.30 mL, 2.14 mmol, 4.0 eq.) were successively
added via syringe. The orange solution was treated with (trimethylsilyl)acetylene (0.20
mL, 1.42 mmol, 2.2 eq.), and stirred at room temperature for 24 hours. The resulting
black mixture was filtered through a -inch plug of silica gel and eluted with ethyl
acetate-ethanol (1:1). Concentration of the filtrate in vacuo yielded a brown solid. Flash
chromatography (75% CH2C12/25% EtOAc, Rf = 0.29 to 0.1 1, streak) afforded 12 (0.22
g, 81%) as a light yellow viscous oil, that solidified upon standing. H NMR (250 MHz,
CDC13) 8 = 6.91 (s, 1H), 6.89 (s, 1H), 4.05-3.55 (br m, 23H), 1.79 (qn, J= 8.2 Hz, 2H),
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1.55-1.15 (br m, 14H), 0.88 (t, J= 6.9 Hz, 3H), 0.27 (m, 18H); 3C NMR (125 MHz,
CDC13) 8 = 154.08, 153.58, 117.32, 116.86, 113.96, 113.69, 101.08, 100.87, 100.20,
99.85, 78.05, 73.42, 71.14, 71.12, 70.91, 70.84, 70.82, 70.59, 70.57, 70.52, 70.15, 69.40,
31.85, 29.59, 29.55, 29.39, 29.29, 25.98, 22.64, 14.08, -0.04, -0.09; HR-MS: calcd for
C37H6207Si 2 (M+): 674.4265, found: 674.4244.
1-(2-methyleneoxy-lS-crown-S)-4-decyloxy-2,S diethynylbenzene (13). A 25 mL
two-necked round bottomed flask equipped with a stir bar was charged with 1-(2-
methyleneoxy-1 5-crown-5)-4-decyloxy-2,5-bis((trimethylsilyl)ethynyl)benzene(12) (0.19
g, 0.28 mmol, 1 eq.) and methanol (15 mL). The flask was capped and argon was bubbled
through the solution for 15 minutes. Tetrabutylammonium fluoride hydrate (0.20 g, 0.77
mmol, 2.4 eq.) was added under argon, and the reaction mixture stirred at room
temperature for 2 hours. The reaction mixture was concentrated in vacuo, to yield a
brown oil, which was dissolved in CH2C12 (125 mL) and washed with water (2 x 125
mL). The organic layer was collected and once again concentrated in vacuo. Flash
chromatography (50% CH2C12/47% EtOAc/3% ethanol, Rf = 0.35 to 0.18, streak)
afforded 13 (0.13 g, 87%) as a light red oil. H NNM (300 MHz, CDC13) 8 = 6.99 (s,
1H), 6.94 (s, 1H), 4.15-3.55 (br m, 23H), 3.33 (s, IH), 3.31 (s, IH), 1.78 (m, 2H), 1.50-
1.20 (br m, 14H), 0.88 (t, J= 7.2 Hz, 3H); HR-MS: calcd for C31H4607 (M+): 530.3243,
found: 530.3236.
Polymer 4. A 10 mL Schlenk flask equipped with a stir bar was charged with 1-(2-
methyleneoxy-15-crown-5)-4-decyloxy-2,5-diiodobenzene (5) (63 mg, 86.2 pzmol, I eq.),
1-(2-methyleneoxy- 1 5-crown-5)-4-decyloxy-2,5-diethynylbenzene (13) (47 mg, 88.9
Jgnol, 1.03 eq.), and copper(I)iodide (2 mg, 10.5 pmol, 0.07 eq.). The flask was placed
under argon, and tetrakis(triphenylphosphine)palladium (0) (10 mg, 8.65 munol, 0.10 eq.)
was added under a nitrogen atmosphere. Toluene (3.0 mL) and diisopropylamine (1.25
mL, 8.91 mmol, 103 eq.) were successively added by syringe, and the mixture stirred at
60°C for 48 hours. The resulting polymer solution was precipitated in methanol, and the
polymer collected by centrifuge. This afforded 4 as a yellow solid (40.7 mg, 47%). H
NMR (300 MHz, CDC13) 8= 7.00 (br, m, 2H), 4.20-3.45 (br, m, 23H), 1.84 (br, m, 2H),
1.66-1.15 (br, m, 14H), 0.87 (t, J= 6.8 Hz, 3H); GPC: Mn = 8 100; PDI = 2.0.
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8.4 Conclusions
A highly specific and sensitive transduction mechanism utilizing ion mediated
interpolymer aggregation was developed. K+ ions make 1:2 complex with 15-crown-5
attached to poly(p-phenylene ethynylene)s, consequently bring two polymers to an
aggregated state. It was demonstrated that the sensory properties of the conjugated
polymers could be tuned by controlling the bulk of side groups and the distance between
15-crown-5 in a polymer backbone. This new system illustrates a general principle that is
applicable to multivalent recognition events often found in biological systems. Solid-
state ion-specific fluorescent chemosensors based on interpolymer interactions can be
developed by extensions of this study. In addition, studies on detection limits and self-
amplification efficiency of the system could be addressed utilizing various concentrations
of the sensory polymers.
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Chapter 9
Design of Specific Fluorescent Sensory Polymers Toward
Selective Detection of TNT
Poly(p-phenylene ethynylene)s with electron-releasing tetaalkoxy groups and rigid
pentiptycene moieties were synthesized as fluorescent sensory polymers to detect the
explosive material, trinitrotoluene (TNT). These polymers are fluorescent in both solution
and the solid state. The quenching studies indicate that tetraalkoxyphenyl containing
polymers show specificity for TNT over dinitrotoluene (DNT). Chemically similar
polymers with amphiphilic ethylene oxide side chains were also prepared. The polymers
with amphiphilic groups display surfactant behavior at the air-water interface. LB
monolayers of these polymers in a well-defined thin uniform structure exhibit excellent
sensitivity and selectivity likely due to their fast saturation.
Parts of this chapter appear in: Miao, Y.-J.; Kim, J.; Swager, T. M. Polymer Preprints
1999, 40 (2), 825.
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9.1 Introduction
In previous chapters, the effects of spatial arrangement of sensory polymers on the
photophysical properties, and the design principles of sensory films were discussed.
These chapters focus on the improvement of sensitivity of sensory films. This chapter
builds upon Chapter 8, and addresses how the chemical design of sensory polymers can
control their selectivity.
In Chapter 1, it has been discussed that the intrinsic facile energy migration process
of fluorescence-based conjugated polymer chemosensors provides dramatic signal
amplification.'2 Recently, this approach was applied to TNT sensors by the Swager
research group and showed that poly(p-phenylene ethynylene)s incorporated with rigid
pentiptycene moieties (1), displayed unprecedented sensitivity to the vapors of nitro
aromatic compounds, including 2,4,6-trinitrotoluene (TNT) and 2,4-dinitrotoluene
(DNT).3'4 However, it was shown that TNT can not be easily distinguished from other
nitroaromatic analogs because of their similar electron accepting capability and higher
vapor pressure than TNT. Therefore, there is a need to develop new sensory materials
that supply better TNT specificity without compromising sensitivity. The use of sensor
arrays composed of different sensory materials provides a method to uniquely identify an
analyte; however, to have high fidelity this approach still requires materials with
differential recognition of specific analytes.5'6 In an effort to design chemosensors with
high selectivity for TNT over DNT, a new electron-rich building block
tetraoctyloxybenzenediacetylene (3) and corresponding poly(p-phenylene ethynylene)s
were synthesized.
n
1
R = C14H29
Monomers containing four alkoxy groups were initially targeted in an effort to make
more electron-rich polymers 4 - 8. The introduction of the electron-releasing tetraalkoxy
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groups should strengthen the interactions with electron-poor analytes and increase the
electron transfer rate from the excited state of the polymer to nitroaromatics. Both effects
were expected to give a higher sensitivity and selectivity. Indeed polymers with an
electron-withdrawing group attached directly to the polymer chain were shown to have
reduced sensitivity.4 We also considered that four side chains, as opposed to two, may
also offer the advantage of improved solubility. Polymers containing tetraalkoxy groups
with amphiphilic side groups display typical surfactant behavior and form stable
Langmuir monolayers at the air-water interface.
Scheme 9.1 Chemical structures of polymers.
R OR OR1
n
RO OR R 10
R = C8H 1 7, R = C14H29
5 Mn=29,100 PDI=2.7
RO OR OR1 RO OR RO OR
0.5 - J0.5 f
RO OR R 1 RO OR RO OR
6 Mn=15,200 PDI=1.5 R = C8H1 7 , R1 = C14H29
\ (\ / 
RO OR O O OCH3
RO OR OC1H
R = C8H1 7
7 Mn=23,100 PDI=2.4
3
8 Mn=89,300 PDI=1.7
9.2 Results and Discussion
The photophysical data of polymers 4 - 8 are listed in Table 9.1. Polymers 4 and 8
contain a rigid pentiptycene moiety, and display a relatively small bathochromic shift in
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the solid state as compared with solution. This similarity between solution and solid state
properties was shown to be due to the rigid 3-dimensional structure of pentiptycene that
prevents significant -stacking of polymer backbones as discussed in Chapters 4 and 5.4
For example other polymers displaying such interactions show about a 40 nm red shift
from THF solution to solid films. The fact that polymers 4 and 8 display red shifts of 19
and 7 nm in thin films, respectively, is indicative of an increase in conjugation length in
thin films. Polymer 4 absorbs and emits at a higher energy with a larger Stokes shifts than
polymer 8. This suggests a less planar and a less conjugated chain conformation for
polymer 4 resulting from the steric interactions with the tetraalkoxy groups. Although
more tetraalkoxy units are introduced into polymer 6, there are only minor spectroscopic
differences between polymers 5 and 6. As expected, the amphiphilic nature of polymers 7
and 8 has little effect on their photophysical behaviors.
Table 9.1 Photophysical Data of Polymers.
Polymers Absorption (knux) Fluorescence (.,x)
THF Solid Film Solid Film
4 380 399 436, 465 (Shoulder)
5 422 468 477, 512 (Shoulder)
6 416 457 477, 514 (Shoulder)
7 421 460 470, 504 (Shoulder)
8 439 446 459, 481 (Shoulder)
The surfactant behavior of polymers 7 and 8 were investigated at the air-water
interface using the Langmuir-Blodgett technique. Both polymers formed stable
monolayers. Hydrophobic and hydrophilic glass substrates have been used to transfer
monolayers of polymers 7 and 8 from the air-water interface with a typical transfer ratio
of 90%. The degree of film alignment induced by the deposition was determined by
measuring the difference of optical absorptions with ho 4zontal and vertical polarization.7
Polymer 7 shows an ordered structure (A1,/Ai=2.0), however polymer 8 displays no chain
alignment (All, /A=1.05). Presumably the rigid bulky pentiptycene groups are entangled
with each other at the air-water interface, hindering polymer reorganization that can lead
tc alignment.
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Figure 9.1 The fluorescence quenching of polymers I and 4 - 8 at 60-second exposure.
Solid state fluorescence quenching due to analyte binding was investigated for
polymers 4 - 8 after exposed to an equilibrium vapor pressure of TNT, DNT and
benzoquinone (BQ) at variable times. The results of 60-second exposures are graphed in
Figure 9.1. Test films were fabricated either by the LB technique (7, 8) or spin-cast from
CH2C12 solutions (4, 5, and 6). The average thickness of the spin-cast films was
estimated at approximately 30 A by optical absorption. Porosity was shown to be a major
factor for determining the quenching response of triptycene-derived polymers.4 The most
striking trend in the quenching response is that the relative sensitivity between
equilibrium vapor pressures of TNT and DNT is reversed for polymers 5, 6, and 7
relative to polymers 1, 4, and 8. In general due to its more than 18 times greater vapor
pressures we have consistently observed larger quenching for DNT. If in the case of
polymers 5, 6, and 7 the nitroaromatics are prevented from direct charge transfer
interactions due to the sterics imposed by thc tetraalkoxy monomer, then a greater driving
force will be necessary for efficient electron transfer quenching. Given the greater
electron affinity of TNT over DNT such an effect could account for the reversal in
sensitivity of polymers 5, 6, and 7 compared to 1, 4, and 8. Polymers 4 and 8 that contain
both tetraalkoxy phenylene and pentiptycene monomers show larger quenching for DNT
over TNT. Hence it is possible that pentiptycene either binds DNT better or allows for
closer contact between the nitroaromatics with the polymer backbone. Alternatively the
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difference might be considered the result of porosity imposed by the pentiptycene group.
However, previous studies on simple dialkoxy substituted PPEs with a dense packed
structure showed these materials to also display greater quenching with equilibrium vapor
pressures of DNT as compared to TNT.3 As a result a simple film morphology change
seems unlikely to the reason for the high selectivity for TNT.
The contrast in selectivity is even more evident in the LB processed films. The
aligned monolayer of polymer 7 shows extraordinary sensitivity and selectivity to TNT.
This is perhaps the result of the aligned monolayer structure producing a structure that
further prevents direct charge transfer interactions. Although chain alignment was shown
to affect the energy transfer rate greatly,9 it is not clear how much the faster energy
migration process has contributed to the high quenching efficiency of the monolayer of
polymer 7. Nevertheless, it has been shown, for tetraalkoxy substituted polymers, 5, 6
and 7, that quenching efficiency and specificity are controlled by the conjugated polymer
backbones. LB processing of polymer 8 did not change the selectivity of this polymer as
shown in Figure 9.1.
9.3 Experimentall°
9.3.1 Monomer Synthesis
B r 2)12, 80% 
RR R RbR j TMS H
(2) Pd(PPh3 )2C12
R .R R R 80%
KOH/MeOH TMMS 
R R (3) 91% R R R= CH1 7 , C12H 2 5
Scheme 9.2 The synthesis of Tetraalkoxybenzenediacetylene.
The synthesis of the new monomer (3) is shown in Scheme 9.2. These synthetic
procedures were designed and executed by Dr. Yi-June Miao and are included herein for
completeness. The key intermediate, tetraalkoxydibromobenzene, was prepared by the
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literature procedure" in three steps from commercially available starting material,
dihydroxybenzoquinone. The lithiation of dibromide, followed by iodine quenching
afforded diiodide, 2,12 in high yields. The reaction of 2 with trimethylsilyacetylene
(TMSA) under standard coupling conditions gave 3 in 70% yields after deprotection with
KOH.
1,4-diiodo-2,3,5,6-tetraalkoxybenzene (2) To a solution of dibromotetraoctyloxy
benzene (3 g, 4.0 mmol) in 20 mL THF, n-BuLi (10 ml, 16 mmol) was added via syringe
at -78°C. The solution was allowed to warm up slowly to 0°C and stirred at that
temperature for 40 min. I2 crystals were then poured into the solution in two portions.
After the purple solution was stirred at room temperature overnight, the excess 12 was
quenched by washing with 10% NaOH aqueous solution. The resulting colorless solution
was dried with MgSO4 and concentrated under vacuum to give a solid (3 g, 91%). H
NMR (CDCI 3, 250MHz): 8 = 3.94 (t, J = 6.7 Hz, 8H), 1.79 (m, 8H), 1.54 (m, 8H), 1.29
(m, 38H), 0.88 (t, J= 6.7 Hz, 12H); 13C NMR (CDCI,, 125.803 MHz): 6 = 148.85, 92.82,
73.84, 31.85, 30.24, 29.47, 29.30, 26.17, 22.67, 14.12; HR-MS (FAB): calcd for
C3sH6s204: 842.3207 (M+); found: 842.3196 (M+); Anal. calcd: C, 54.16; H, 8.13.
Found: C, 54.04; H, 8.39.
3,6-Bis-(trimethysilyl)ethynyll-1,2,4,5-tetraalkoxybenzene Under argon
atmosphere, 2 (1 g, 1.19 mmol), Pd(PPh3)2CI2 (41 mg, 0.058 nmmol), and Cul (22 mg,
0.12 mol) were mixed in 10 mL HN(iPr)2 and 5 mL toluene. Trimethylsilylacetylene
(0.42 ml, 2.97mmol) was then introduced into the mixture via syringe. The resulting
brown solution was heated to 700 C for two hours before it was cooled down and filtered
to remove insoluble salts. The filtrate was concentrated, loaded onto a silica gel column
and eluted with a mixture of hexanes and chloroform (10:1) to give a light yellow oil
(0.78 g, 83%). 'H NMR (250 MHz, CDC13): 6 3.97 (t, J = 6.7 Hz, 8H), 1.76 (m, 8H),
1.47 (m, 8H), 1.28 (m, 38H), 0.88 (m, 12H), 0.19 (s, 18 H).
1,2,4,5-Tetraalkoxy-3,6-diethynylbenzene (3) A solution containing 2 mL of
aqueous potassium hydroxide (150 mg, 2.67 mmol) and 8 mL MeOH was added drop
wise to a THF solution (16 mL) of the 3,6-Bis-[(trimethylsilyl)ethynyl]-1,2,4,5-
tetraalkoxybenzene with stirring. After the solution was stirred at room temperature
overnight, the solvent was removed under vacuum. The residue was dissolved in CHCI3,
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washed with H2 0 and concentrated. The resulting green solid was chromatographed to
afford an off-white solid (0.52 g, 85%). 'H NMR (250 MHz, CDCI3): 8 = 4.03 (t, J = 6.7
Hz, 8H), 3.48 (s, 2H), 1.76 (m, 8H), 1.46 (m, 8H), 1.29 ( br s, 38H), 0.88 (t, J = 6.7 Hz,
12H); 3C NMR (CDCI3, 125.803 MHz): 8= 150.15, 114.15, 86.29, 75.86, 74.34, 31.89,
30.23, 29.46, 29.35, 26.05, 22.72, 14.17; HR-MS (FAB): calcd for C42H700 4: 638.5274
(M+); found: 638.5271 (M+); Anal. calcd: C, 78.94; H, 11.04. Found: C, 78.66; H,
11.17.
9.3.2 Polymer Synthesis
The synthesis of the polymers is shown in Scheme 9.3 and was performed by Dr. Yi-
June Miao. Palladium-catalyzed acetylene cross-coupling (Sonogashira-Hagihara)
reactions are employed in all syntheses.'3 A slight excess of diacetylene component was
used in most of cases to compensate for unavoidable oxidative coupling to form
diacetylene linkages. With the catalyst Pd(PPh3)4, the reaction of sterically hindered 2
with pentiptycene4 only produced low molecular weight oligomers. Therefore,
Pd(dppf)2C12 was used to accelerate the cross coupling process which gave 4 with Me =
22,700 and M = 43,300. To further investigate the effect of the tetraalkoxybenzene
monomer, 3 was coupled with diiodide to form a reference polymer, 5, which has Mn of
29,100 and Mw of 78,400. By simply replacing 0.5 eq. of dialkoxydiiodide with 2, a
tetraalkoxy terpolymer was synthesized (Mn = 15,200, Mw = 23,200). Attempts to prepare
all tetraalkoxy substituted polymer only resulted in low molecular weight oligomers. The
coupling of 3 with the hydrophilic ethylene oxide substituted diiodide monomer14 gave
the surfactant polymer 7 with Mn of 23,100 and Mw of 55,400. In order to study the
behavior of polymer 1 in a LB film, pentiptycene diacetylene was copolymerized with a
hydrophilic monomer, 1,4-bis((triethylene glycol monomethyl ether)oxy)-2,5-
diiodobenzene (synthesis of this chemical is summarized in Chapter 3 experimental part),
and a dialkoxydiiodobenzene monomer to maintain good solubility. The resulting
polymer 8 has Mn = 89,300 and Mw = 149,900.
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Scheme 9.3 The Synthesis of Polymers.
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9.4 Conclusions
The effect of the molecular design of a polymer on the function of the polymer as a
chemosensory material has been discussed. Poly(p-phenylene ethynylene)s with electron-
rich tetraalkoxy groups and rigid pentiptycene moieties have been synthesized.
Chemically similar polymers with amphiphilic ethylene oxide'side chains have also been
prepared. The fluorescence measurements show that these polymers are fluorescent in
both solution and the solid state. Polymers with amphiphilic groups display surfactant
behavior at the air-water interface. The contrasting electron-richness and steric blocking
of direct n-n charge transfer interactions have been discussed by the quenching studies.
The quenching studies indicate that tetraalkoxyphenyl containing polymers show
specificity for TNT over DNT. LB monolayers made of polymers with electro-releasing
tetraalkoxy groups exhibit excellent sensitivity and selectivity to TNT over DNT. The
selectivity toward TNT over DNT is likely the result of decreased charge transfer
interactions which show down the rate of electron transfer quenching and reduces the
binding of nitroaromatics to the polymers. The higher electron affinity of TNT may be
responsible for the greater quenching.
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Chapter 10
Funneling Fluorescence Energy via Vectorial Energy Transfer
for Ultimate Signal Amplification
Mimicking nature's energy harvesting system for signal amplification of a
fluorescence sensor is discussed. Three fluorescent conjugated polymers (PPEs) with
tailored optical properties were synthesized. A multilayer-structure film of these
polymers was fabricated such that the fluorescence energy of the polymers can be
funneled in one direction. Selective excitation of each polymer showed that fluorescence
energy transfers from a higher band-gap polymer to a band-gap polymer through an
intermediate band-gap polymer. This vectorial energy transfer concept is a general
principle that can be applied towards ultimate signal amplification in the design of a
variety of fluorescence sensors.
Parts of this chapter appear in: Kim, J. et. al. manuscript in preparation.
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10.1 Introduction
Nature harvests optical energy and funnels it to a photosynthetic reaction center
through efficient energy transfer. The photosynthetic unit of most green plants is
composed of photoreceptors, chlorophylls, that are substituted tetrapyrroles with
magnesium atoms (magnesium porphyrin).' Two different chlorophylls with discrete
absorption Xmx in the visible region efficiently absorb sunlight and dump the energy to
the photosynthetic site. A Frster energy transfer mechanism is operative in this
photosystem. Cyanobacteria, red algae, and green plants all utilize energy harvesting
systems.' They contain phycobilisomes, large protein assemblies with many
phycobiliprotein subunits. Several phycobiliproteins with different absorption properties
harvest a broad range of photon energies and transfer the energy to a photosynthetic
center via F6rster energy transfer. The geometrical arrangement of phycobiliproteins is
designed to optimize the efficiency of the F6rster energy transfer by directing the higher
excitation energy of the surface photoreceptors to the photosynthetic reaction center at a
lower energy level. This elaborated design allows nature to achieve an energy transfer
efficiency greater than 95%.
Researchers have mimicked nature's energy harvesting system for many applications,
such as organic lasers,2 light emitting diodes,3 optoelectronic gates,4'5 molecular photonic
wires, 6 '7 and photovoltaics. 8 '9 For these applications, intramolecular 3 45. 7 10 1i.12.1314.15 and
intermolecular2' 0' 1 6 '17 '9 energy transfer have been studied theoretically 13 and
experimentally in solution, 5'7 '12 dye-dispersed thin films,2 dye-loaded zeolites,' 6
Langmuir-Blodgett films,'i self-assembled monolayers,'8 self-assembled molecular
complexes, 1'7 ' 9 and dendrimers. 3 '1,1415
Energy transport phenomena have also been utilized in developing fluorescent
conjugated polymer-based chemosensors.20 222a 3 The delocalized conjugated backbone
of a poly(p-phenylene ethynylene) allows facile through-bond exciton energy migration,
providing orders of magnitude higher sensitivity compared to analogous monomeric
chemosensors.202 Moreover, in a film, additional two-dimensional and/or three-
dimensional Frster energy transfer between parallel aligned fluorescent polymers24 2 5
provides enhanced signal amplification.26 However, it has been shown that the energy
transfer rate perpendicular to the plane of the film is finite, having a limited reachable
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number of layers (thickness).2 4 This limitation could be overcome by mimicking nature's
design principle. Rational design of a stratified film structure will direct energy to be
transferred from a bottom layer through a middle layer to a lower band-gap top layer.
This vectorial energy transfer in the stratified fluorescent sensory film structure will
harvest a broad range of photon energies and funnel the energy to the surface detection
sites for ultimate signal amplification.
10.2 Results and Discussion
Three poly(p-phenylene ethynylene)s with tailored absorption and emission Ax were
synthesized. Their chemical structures and molecular weight are shown in Scheme 10.1,
and their UV-Vis and fluorescence spectra are shown in Figure 10.1. As clearly shown in
Scheme 10.1 Chemical structures of polymers 1 - 3.
Polymer 1
Mn=73,000, PDI=3.0
Polymer 2
Mn=81,200, PDI=3.4
Polymer 3
Mn=103,300, PDI=1.5
CON(C 8H17)2 A 
CON(CgH 1 7)2
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the figure, the fluorescence emission spectrum of polymer 1 overlaps the absorption
spectrum of polymer 2. In the same fashion, the fluorescence emission spectrum of
polymer 2 overlaps the absorption spectnrum of polymer 3. This good spectral overlap is
essential for efficient F6rster energy transfer between polymers.
.G
2
-
.c:
0C2
Ma
350 400 450 500 550 600 650
Wavelength (rim)
Figure 10.1 UV-Vis and fluorescence spectra of polymers 1 - 3 in thin films
(a spin-cast film of polymer 1 and LB monolayers of polymers 2 and 3).
It has been shown in Chapter 6 that Z-directional (normal to the plane) energy
transfer in multilayer LB films of 2 is limited. In these studies, highly aligned films of
precise thickness were surface modified with luminescent traps for energy transfer
studies. The degree of energy transfer to the traps was investigated as a function of the
surface trap concentration and the number of polymer layers. An increased energy
transfer efficiency to the traps was observed with increasing numbers of layers until an
approximate thickness of 16 layers. This 16-layer limit is also valid in a two-component
polymer system composed of donor polymer 2 and acceptor polymer 3 as is clearly seen
in Figure 10.2. First, multilayer films of 2 (4-, 8-, 16-, 24-, and 32-layer) were fabricated
by the LB method. On top of each multilayer film, a monolayer LB film of 3 was coated.
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Compared to the emission intensity of 3 when it is directly excited at 490 nm, the
emission intensity of 3 at ;X = 420 nm is gradually increased due to energy transfer from
multilayers of 2 to 3 up to 16 layers of 2. To demonstrate that the saturation results from
the Z-directional energy transfer limitation, 8 more layers of 2 were coated on a film
composed of 16 bottom layers of 2 and a top monolayer of 3. This sandwich film has the
same amounts of polymers 2 and 3 as the film composed of 24 layers of 2 with a
monolayer of 3 on the surface, so their UV-Vis spectra are identical. However, since the
fluorescence energy from the additional top 8 layers of 2 in this sandwich film can
transfer to the middle layer of 3, the emission intensity of 3 in this film is higher than the
saturation value as shown in Figure 10.2.
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Figure 10.2 Fluorescence spectra of 2-component multilayer films and schematic
drawing of the multilayer film structures.
Fluorescence energy can transfer randomly between layers in a single-component
multilayer film. However, in a multi-component system energy can be directed from a
higher band-gap polymer to a lower band-gap polymer such as the energy transfer from
polymer 2 to polymer 3. This fact is applied to the design of a three-component film in
which fluorescence energy flows from the highest band-gap polymer through the
intermediate band-gap polymer to the lowest band-gap polymer. To prove this vectorial
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energy transfer concept, a three-component multilayer film was constructed. The highest
band-gap polymer 1 was spin-cast on a glass substrate because it does not form a well-
behaved Langmuir monolayer. It is believed that the pentiptycene moieties of 1 are
entangled with each other, preventing the polymer chains from spreading out at the air-
water interface. However, due to the bulky, rigid pentiptycene moieties, spin-cast films of
polymer 1 do not form interpolymer aggregations, and have bright fluorescent emission.
On top of the spin-cast film of 1, 16 LB layers of polymer 2 were coated, and finally a
monolayer of 3 was coated on top of the 16 layers of 2. UV-Vis spectra of this 3-
component film and the three corresponding single-component films are compared in
Figure 10.3.
0.12
0.1
a 0.08
D. 0.060
< 0.04
0.02
0
350 400 450 500 550
Wavelength (nm)
Figure 10.3 UV-Vis spectra of a 3-component multilayer film and the three
corresponding single-component films, and schematic drawing of the 3-component
multilayer film.
The spin-cast film of polymer I was first investigated and when excited at 390 nm an
emission A.ma of 423 nm was observed (Figure 10.4). After 16 layers of polymer 2 were
coated on this film, this 2-component film was excited at the same wavelength of 390
nm. Due to effective energy transfer from the bottom layer of polymer 1 to polymer 2,
fluorescence emission X,a, shifts to 465 nm. A monolayer of polymer 3 was then coated
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on top of the 2-component film to make the 3-component film. Excitation of this film at
390 nm produced strong fluorescence from polymer 3 at 513 nm and some residual
fluorescence from polymer 2. Direct excitation of only polymer 3 in the 3-component
film at 490 nm (Figure 10.3) produced a low intensity fluorescence spectrum with an
emission X,. of 513 nm as shown in Figure 10.4. Therefore, in this 3-component film,
fluorescence energy is effectively directed from the bottom layer to the top layer,
allowing efficient fluorescence amplification.
-
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Figure 10.4 Fluorescence spectra of a spin-cast film of 1, a 2-component multilayer
film of 1 and 2, and a 3-component multilayer film of polymers 1 - 3.
Comparison of the fluorescence spectra of the 3-component film and a 2-component
film with 16 layers of 2 and a monolayer of 3 clearly shows that the 16-layer limit can be
overcome by rational film design (Figure 10.5). In the 3-component film, polymer 1 is
located under the 16 layers of polymer 2. Therefore, one might expect that the additional
thickness of the layer of polymer 1 would not enhance the fluorescence emission.
However, since the fluorescence energy of 1 can transfer to 2 and not vice versa, the
energy of 1 can reach polymer 3 on top of the 16 layers of 2. Therefore, these results
verify that the vectorial energy transfer concept to overcome the Z-directional energy
transfer limitation. The excited energy of blue polymer 1 is transfered to the top red
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polymer 3 through green polymer 2 in the middle layer. In this case, however, the
efficiency of energy transfer looks lower than that of the 2-component film. The ratio of
the fluorescence intensity of 3 to the residual fluorescence intensity of 2 is 2.7 for the 2-
component film and reduced to 2.0 for the 3-component film. There are many interesting
parameters to vary to optimize the vectorial energy transfer the life times and quantum
yields of each of the polymers, for example.
8
2-component 3-component
Polymer 2 !laver
440 480 520 560 600 640
Wavelength (nm)
Figure 10.5 Fluorescence spectra of a 2-component film and a 3-component film,
and schematic drawing of their multilayer structures.
To analyze the 3-component system, the model shown in Figure 10.6 was used. First,
when only polymer 3 is excited, the following equation describes the system,
J3 = np3kp3
This equation simply describes that polymer 3 is excited and emits fluorescent light and
that the excitation population is balanced by its lifetime and the intensity of excitation. In
the second ituation, only polymer 2 is excited, and the polymer can either emit
fluorescent light or transfer energy to polymer 3. The following equations were derived
for this case,
J2 = n 2kp2 + n, kp2-P 3
np3kp3 = np2k,2- P 3
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J3
J,l oL,
k 3
kp2
kP kpl
J: The intensity of steady-state excitation
n,: Excitation population in polymer layers
kp = I/Tp Decay rate of polymer, rp Excitation life time
k tPiPj: Rate constant for energy migration between polymer layers
Figure 10.6 Schematic representation and rate constants for a 3-component
multilayer film of polymers I - 3.
If the energy transfer between layers (k P2- p3 ) is effective, emission from polymer 3 can
be amplified by increasing the excitation population of polymer 2, (np2)2. The last case is
the excitation of polymer 1. Excited polymer I either emits its own fluorescent light or
gives the energy to polymer 2, and then polymer 2 can emit its own fluorescent light or
transfer the energy to polymer 3. The following three equations describe the energy
transport phenomena in this case,
J = nrp, k + n, kr'-p2
p ktr- p2 = np2kp2 + np2kl 2-P 3
npk3 = np2k, 2- p 3 = nkpl'-p 2 - np2kp2 = J - n,kp, - np2kp2
Therefore, if the interpolymer energy transfer rate ( kIf, ) is faster than the decay rate of
the polymers (), the fluorescence intensity of polymer 3 will also be amplified by
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means of vectorial energy transfer. Moreover, if polymers 1 and 2 are excited together,
the amplification effect can be enhanced even further.
In summary, throughout this chapter it has been demonstrated that a rational design of
a multilayer film of polymers with tailored optical properties allows vectorial energy
transfer. This vectorial energy transfer concept is a promising principle for signal
amplification in the design of fluorescence sensors.
10.3 Experimental
Polymers 1 and 3 were synthesized by Dr. Zhengguo Zhu and Ms. Aimee Rose,
respectively, using a standard Sonogashira-Hagihara cross-coupling reaction. Polymer 1
was spin-cast on a hydrophobic glass slide at 3000 rpm. The LB films of polymers 2 and
3 were transferred at 27 and 20 mN/m, respectively, with quantitative transfer ratios (95-
100%). UV-Vis spectra were obtained from a Hewlett-Packard 8452A diode array
spectrophotometer. Fluorescence studies were conducted with a SPEX Fluorolog-r2
fluorometer (model FL112, 450 W xenon lamp). Polymer thin film spectra were
recorded by front-face (22.50) detection.
10.4 Conclusions
Three poly(p-phenylene ethynylene)s with tailored absorption and emission X. were
synthesized. The three polymers were fabricated into layered films such that energy
transfers from a higher band-gap polymer 1 through an intennediate band-gap polymer 2
to a lower band-gap polymer 3 by designed vectorial energy transfer. This vectorial
energy transfer design overcomes the Z-directional energy transfer limitation of 16
layers, producing a further enhancement of signal amplification. This idea mimics what
nature does in energy harvesting, and is a general principle that can be applied to many
fluorescence sensor designs in order to achieve ultimate signal amplification. Currently,
the Swager research group is developing a DNA sensor that utilizes this signal
amplification concept and layered film design.
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Chapter 11. Conclusions
11.1 Research Summary
The main theme of this thesis is to understand governing parameters to build highly
selective and sensitive fluorescent conjugated polymer-based sensory films. Since
conjugated polymer-based chemosensors are a newly developing area and have huge
potential, 2 it is important to elaborate the design pinciples and the structure of sensory
films for high sensitivity and selectivity.
It is a well established fact that conjugated polymer-based fluorescent chemosensors
have orders of magnitude higher sensitivity compared to their monomeric analogues due
to energy transfer along a conjugated polymer backbone.s$ In a solution, only one-
dimensional intramolecular energy transfer is available because polymers are isolated
from each other. However, in a film, polymers are closely packed, requiring the
consideration of additional two-dimensional and/or three-dimensional intermolecular
energy transfers. In addition, if it is possible to control the conformation of single
polymer chain, the conformational effects on the optical properties of a fluorescent
sensory film are also an important consideration. Another crucial factor is the structure of
a sensory film. By manipulating the orientation of individual polymer chains and the
composition of polymers in the film, the performance of the film could be substantially
improved. These points have been systematically studied throughout my Ph.D. research,
and the following conclusions have been derived.
Intrinsic optical properties of fluorescent conjugated polymer films are precisely
controllable by a new method developed in this thesis (Chapter 2).4 By combining
rational design of surfactant poly(p-phenylene ethynylene)s and the unique properties of
the air-water interface, the conformation of single polymer chain was controllable. At the
air-water interface, the different affinities of the side chains of poly(p-phenylene
ethynylene)s to water generated three equilibrium conformations of polymers. Applying
mechanical force inter-converted the conformation of polymers from one to another.
Since the effective conjugation length of a conjugated polymer is sensitive to the
conformation of the polymer, and the effective conjugation length influences the optical
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properties of the polymer, it was possible to control the optical properties of fluorescent
conjugated polymers. In situ UV-Vis and fluorescence measurements directly on
monolayer films at the air-water interface revealed that reducing conjugation length
produces a blue shift in absorption and emission spectra. Moreover, the spatial
interpolymer arrangements were also controllable by this method, and its effect on the
optical properties of a conjugated polymer film was clearly demonstrated. Close co-facial
arrangement generates -aggregation between polymer mainchains, causing an
aggregation band in absorption spectra and a large fluorescence quenching. This newly
developed method allowed the control of a single polymer's conformation and/or
interpolymer spatial arrangement, and clearly showed their effects on the optical
properties of conjugated polymers.
Highly anisotropic nano-structured conjugated polymer films were fabricated by
supramolecular assemblies of poly(p-phenylene ethynylene)s with controlled
conformation and spatial interpolymer arrangement (Chapter 3).5 Controlled structural
Langmuir conjugated polymer films were transferred to a substrate by the Langmuir-
Blodgett method. Compression-induced and flow field-induced alignment and relieving
surface energy produced a highly anisotropic film6' 7 composed of parallel aligned poly(p-
phenylene ethynylene) nanofibrils. A multilayer anisotropic film showed anisotropic
absorption properties and generated polarized fluorescent emission. By manipulating the
dipping direction, it was possible to make a bilayer film in which the top nanofibril layer
is orthogonal to the bottom nanofibril layer. These results combined with the results of
Chapter 2 make it possible to fabricate various structurally well-defined conjugated
polymer films, allowing systematic structure-performance studies on conjugated
polymer-based devices.
Detailed photophysical studies on structure-property relationship as an extension of
Chapter 2 revealed the role of aggregation in the absorption and fluorescence emission
properties of poly(p-phenylene ethynylene) films (Chapter 4).8 Closely packed co-facial
It-aggregation produced a new chromophore that has low quantum yield. Effective
interpolymer F6rster energy transfer from non-aggregated region to aggregated region
quenched the overall fluorescence of a film with aggregates. In a completely aggregated
structure, a monolayer film has two orders of magnitude lower quantum yield compared
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to a monolayer film without aggregation. The resulting clear understanding of the nature
and role of aggregation provides a design principle for a highly emissive film.
Based on the knowledge obtained from the aggregation studies, a method to control
interpolymer spacing and consequent interpolymer aggregation was developed.9 Side
chain bulk determines average interpolymer distance in the solid state. Therefore, the
photophysical properties of poly(p-phenylene ethynylene) films were controllable by
manipulating the side chain bulk. In solid films, a poly(p-phenylene ethynylene) with not
bulky dimethyl groups showed an aggregation band in absorbance spectra and low
quantum yield due to a close interpolymer distance. As the bulkiness increased from
dimethyl to diisopropyl to diisopentyl, interpolymer spacing increased, diminishing
aggregation. The films of a poly(p-phenylene ethynylene) with buiky diisopentyl side
groups have solution-like spectroscopic properties with comparable quantum yield.
The optimum thickness of a sensory film for maximized sensitivity was determined
(Chapters 6 and 7).10,11 Structurally well-defined multilayer films were fabricated. By
analyzing energy transport in the conjugated polymer films, it was possible to deduce the
rate of energy transfer between polymer layers (>6 x 10 sis) and a diffusion length of
more than 100A in the Z-direction (normal to the film surface). Due to the finite Z-
directional energy transfer, the optimum thickness of the sensory film in this particular
system was determined to be 16 polymer layers. From the results, it is proved that a
sensory polymer film has fast 2-dimensional and 3-dimensional energy transfer as well as
I-dimensional energy transport through a conjugated polymer backbone. Therefore, as far
as the photophysical properties of a sensory film are controlled, the film could have much
higher sensitivity.
The vectorial energy transfer scheme was invented to overcome the limited Z-
directional energy transfer (Chapter 10).12 In this scheme, three different polymers with
discrete absorption and emission A. were fabricated into layered structural multilayer
films. Funneling fluorescent energy of the bottom blue polymer through green polymer in
the middle layer to the top red polymer overcomes the Z-directional energy transfer limit
of single component polymer film, allowing additional signal amplification. This new
idea is a universally applicable signal amplification method for fluorescent sensory film
design.
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In addition to the control of the polymer architecture and film structure, the design
and chemical structure of sensory polymers has a huge effect on their sensitivity and
selectivity (Chapters 8 and 9). 13 A new sensory system was developed to selectively
detect K+ utilizing the aggregation phenomena of poly(p-phenylene ethynylene). The key
design parameters in this sensory system were the choice of side chain bulk and the
distance of the receptor units on the polymer backbone. The sensitivity to K+ ions was
controllable by managing the key parameters. Rational chemical design of poly(p-
phenylene ethynylene)s also works for enhancing sensitivity. New poly(p-phenylene
ethynylene)s were designed to have electron-rich conjugated backbone for having a
specificity for trinitrotoluene (TNT) over dinitrotoluene (DNT).' 4 Electron-releasing
property of attached tetraalkoxy side groups made the polymer backbone electron-rich,
giving higher affinity to the polymer toward more electron-poor TNT. The poly(p-
phenylene ethynylene)s with tetraalkoxy side groups shows more sensitive response to
TNT than to DNT.
The combination of the conclusions of this thesis offers the idealized structure of a
sensory film with optimized sensitivity and selectivity as shown in Figure 11.1. An edge-
on polymer with bulky side chains is desirable for the top layer because edge-on structure
provides a maximum number density of receptor groups at the film surface and bulky
side chains will prevent self-quenching. A face-on polymer with macrocycles is a good
choice for the middle layers and for the bottom layer -since face-on structure allows
minimum interlayer distance and macrocycles will prevent interlayer aggregation. The
vectorial energy concept applied in multi-component polymer layers will direct all
fluorescent energy to the actual sensory film on the top. To maximize F6rster energy
transport between ayers, each layer should be aligned parallel to each other by LB
deposition method. This idealized film structure will provide optimized signal
amplification. In terms of high selectivity, the chemical design of the receptor group
attached to the top layer polymer is most important.
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Figure 11.1 Idealized structure of a fluorescent sensory film for sensitivity optimization.
11.2 Future Consideration
Some of the topics covered in this thesis are worthy of further investigations. For
example, a DNA sensor utilizing the vectorial energy transfer concept and other design
principles obtained through this Ph.D. research is an ongoing research project.
The sensory polymer system for potassium detection is also applicable to develop a
fluorescent sensory film to detect K in aqueous solution. A poxlymer brush film
composed of poly(p-phenylene ethynylene)s with 15-crown-5 and additional hydrophilic
side chains is believed to be a promising film design. The poly(p-phenylene ethynylene)
brush will be extended in aqueous solution, and initially the film will be highly
fluorescent. Trace amounts of K' will produce aggregation between brushes and quench
the overall fluorescence of the film.
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Emissive aggregation with high quantum yield is a quite attractive phenomenon for
many useful applications. 15 Therefore the unusual emissive aggregation is also interesting
topic deserving further detailed investigation, even though the detailed mechanism is not
clear as of.yet.
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